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ABSTRACT 
The main objective of this thesis is the study of runaway reactions and their 
preventive and protective measures.  
The experimental approach is focused on the integration of calorimetry, a 
well consolidated technique in process safety assessment, with other 
techniques in order to overcome possible limitations and to obtain 
additional information about the process conditions.  
The first results obtained during this work are about the efficiency of the 
stability criteria for thermal runaway present in literature. The reaction 
under study was the esterification of the acetic anhydride and methanol 
catalysed by sulfuric acid and analysed in isoperibolic conditions as a 
function of jacket temperature and catalyst quantity. This mild runaway 
reaction represents a severe test for the reactor stability criteria. The main 
result was the advantage of using sensitivity based criteria because they 
are suitable to on-line implementation aimed at the early detection of 
thermal explosions.  
An Early Warning Detection System based on divergence criterion, which is 
a sensitivity based one, was applied to the data deriving from experiments 
on the decomposition of the hydrogen peroxide in quasi-isothermal versus 
runaway mode. This system was analyzed with a pseudo adiabatic 
calorimeter modified in our laboratory in order to study the effect of the 
pressure on the decomposition. The runaway reaction developed by the 
peroxide decomposition is very rapid and exothermic, so it was possible to 
test the criterion in conditions very similar to those of a full scale thermal 
explosion incident. The data obtained experimentally were also used to 
evaluate the possibility of the use of a screening instrument for vent sizing 
and this was found to be the greater limitation of this cost efficient 
technique. 
The rest of the thesis was dedicated at the investigation of real industrial 
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incidents involving highly reactive substances that often undergo undesired 
exothermic reactions during their transport, storage or process: monomers.  
The first incident analysed was the self-polymerisation of commercial 63% 
divinylbenzene in different conditions of temperature and oxygen quantity in 
order to prove that an overfilling of the tank or an excessive storage 
temperature can make the inhibition mechanism ineffective and lead to self-
initiated runaway polymerisation. 
The second incident was about the runaway polymerisation of methyl 
methacrylate added with accelerators. The experimentation allowed us to 
prove that accelerators affect the polymerisation rate even if with no initiator 
is present in the system This has been a significant finding because of the 
novelty of the process that has been often cause of incidents in the last 
years. A model of the system was formulated and the results of the 
simulations helped us in establishing the potential hazards associated with 
the use of accelerators in resin manufacture. 
In conclusion this work dealt with the currently relevant problem of runaway 
reactions and their different aspects, including possible preventive and 
protective measure by an experimental integrated approach, trying to find 
solutions that can be concretely implemented in industrial scale reactors to 
improve process safety of highly reactive systems.  
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INTRODUCTION 
In chemical industry many activities involve highly reactive substances that 
can undergo undesired exothermic reactions during their transport, storage 
or process. Their use exposes human beings and the environment to a risk 
of incidents that can be severe. The main risk is represented by runaway 
reactions that are the consequence of the loss of the thermal control in the 
system. Runaway reactions (or thermal explosion) can be caused by an 
incorrect kinetic and thermodynamic evaluation of the reactions in design 
and scale up phases or by an anomaly during the process (e. g. the wrong 
addition of chemicals in the vessel, the presence of impurities in the 
reactor, the accumulation of intermediates, the failure of the cooling system 
or the failure of the stirring system). Consequences of thermal explosion 
are the initiation of undesired side reactions, the evolution of toxic and/or 
flammable substances, as for example happened in Bhopal and Seveso 
incidents, and the pressure increase inside the vessel. For better 
understanding of safety issues in process safety it is necessary to 
recognize systematically all potential hazards in order to guarantee 
adequate measures to minimize the risk.  
The main objective of this thesis is to experimentally study runaway 
reactions and to evaluate how to prevent them and how to protect the 
system from their consequences in order to minimize the risk in terms of 
frequency and magnitude by actuating preventive and protective measures 
to the system. The experimental work is based on calorimetry that is a well 
consolidated approach in this field of risk analysis providing useful data to 
help predict the behaviour of the process. 
In Chapter One runaway reactions have been defined and the causes and 
consequences have been shown; a statistical analysis is proposed and 
protective measures generally used (venting, chemical inhibition) have 
Introduction  
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been explained. Particular attention has been paid to thermal explosion 
theory because it is the basis of the reactor stability criteria (geometry and 
sensitivity based) present in literature. Their importance in the practice is 
fundamental as they define the range of occurrence of runaway reactions 
and so they can provide a preventive measure against them if properly 
implemented in the system, as shown in Chapter Three and Seven.  
In Chapter Two the calorimetric techniques are illustrated in terms of 
principles of measurement and operating modes. The safety relevant 
parameters that each technique allow to define and their advantages and 
disadvantages are listed and explained. The focus is particularly on 
screening calorimetry, differential scanning calorimetry, isoperibolic 
reaction calorimetry and adiabatic calorimetry  because these are the 
techniques mainly used during the experimental part of the work. 
Chapter Three to Seven report the results of the thesis. 
Chapter Three analyses the comparison between the reactor stability 
criteria for the prediction of runway reaction explained in the first Chapter in 
order to define the most efficient. The system under study is the 
esterification of acetic anhydride and methanol catalysed by sulfuric acid: 
because of the modest reaction enthalpy and low activation energy this 
application is a severe test to the criteria with respect to more reactive 
systems. The data obtained by an isoperibolic reaction calorimeter have 
been used to calculate thermodynamic, kinetic and physical chemistry data 
necessary to develop a model for the reaction required for the application of 
some criterion. The reaction have been studied in different conditions of 
jacket temperature and catalyst quantity. The main result is the possibility 
of detecting runaway reasonably well by sensitivity based criteria that also 
have the advantage that  the results and conclusions obtained from an off-
line analysis may be extended and applied on-line to develop a general 
Introduction  
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early warning detection device, based on a robust criterion like the Strozzi 
and Zaldívar one.  
In Chapter Four and Five the analysis of two incidents due to runway 
reaction are proposed. From different statistical analysis of incidents 
happened in chemical industry it is well know that  polymerisation is one of 
the most dangerous processes in terms of possibility of runaway reactions 
and consequences as monomers tend to self-react very exothermically, 
often with the formation of a great amount of gas and vapours during the 
reaction.  
Chapter Four shows the results of an investigation of an incident involving 
the self-polymerisation of divinylbenzene during transportation in an 
isothermal container. The hypothesis of the incident was that the lack of 
oxygen (due to an over filling of the tank) made the inhibition mechanism 
inefficient leading to a runaway reaction. Commercial 63% divinylbenzene 
and its inhibitor (4-t-butyl-catechol) have been tested using different 
calorimetric techniques in order to identify and quantify the factors 
influencing polymerisation and inhibition, focusing on temperature and 
oxygen effects. The experimental results and a study of the kinetic 
mechanism of the inhibition confirmed the hypothesis made, proving that 
the final conversion of monomer varies approximately linearly with the 
reaction temperature and that the induction period varies logarithmically 
with the reaction temperature.  
In Chapter Five the investigation of the effect of a range of accelerators on 
the polymerisation of methyl methacrylate with no initiator present is 
proposed. This study, as the previous one, is based on the results from the 
investigation of a recent incident in a resins manufacturing site located in 
the United Kingdom that has been carried on in collaboration with Health 
and Safety Laboratory (the United Kingdom government agency for 
Industrial Safety). The investigated hypothesis was that the explosion 
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forwarded by a fire were the consequences of a vapour cloud of monomer 
formed by an runaway undesired polymerisation during a batch process. 
There should have been no significant increase in the rate of the reaction 
until the stabilised monomer containing the accelerator was added to the 
initiator but all the calorimetric tests indicated that the accelerator could 
affect the rate of polymerisation even if no peroxide was present. This has 
been a significant finding which needed to be investigated in order to 
establish the potential hazards associated with the use of accelerators in 
resin manufacture. Different kinds of accelerators in methyl methacrylate 
have been tested by differential scanning  and adiabatic calorimetry. The 
experimental data allowed us to prove the hypothesis made and also to 
build a model for the system by coupling a free volume based model for the 
polymerisation (that takes into account the gel effect) and a model for the 
reactor. The model allowed to simulate the behaviour of the system in 
different conditions and to define safety ranges (as a function of different 
process parameters) for the polymerisation reaction.   
The last Chapter of the thesis is about the study of the decomposition of 
hydrogen peroxide in quasi-isothermal versus runaway mode. A thermal 
screening instrument (modified in our laboratory) was used in order to study 
the influence of pressure in the decomposition reaction. The data collected 
were analysed with an Early Warning Detection System based on Strozzi 
and Zaldívar criterion: hydrogen peroxide decomposes very violently so this 
application was a hard test for the criterion. The application to temperature 
and pressure data were compared and temperature was confirmed to be 
the most efficient parameter in terms of advance in the detection even if 
pressure monitoring was necessary when an isothermal decomposition was 
happening. The last part of this work was about the vent sizing from 
screening data. From literature it is already known that the pseudo-
adiabaticity of the laboratory scale experimental runs may lead to under-
Introduction  
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estimate of vent sizing. For this reason larger scale verification are needed 
and this fact was verified also in our experimental conditions. 
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1. RUNAWAY REACTIONS 
 
 
Operations such as perform a chemical process, transport and storage of 
chemicals are at the basis of many industrial activities. Often the chemical 
substances involved are highly reactive and/or toxic and/or inflammable. 
Their use exposes human beings and the environment to a risk of incidents 
that can be severe. Many industrial incidents are due to the sudden release 
of a huge amount of energy in a short period of time and in confined 
spaces. This combination of events generates a pressure increase that 
propagates violently (explosion) [1].  
Figure 1.1 shows the main types of explosion that can take place in the 
chemical industry. 
For better understanding of safety issues in process safety it is necessary 
to recognize systematically all potential hazards in order to guarantee 
adequate measures to minimize the risk. These two aspects have to be 
taken into consideration when optimizing a process.  
In this chapter, the theory of thermal explosions and some of the 
associated mathematical models will be described. 
1. Runaway Reactions  
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Preventive and protective measures usually applied to contain their effects 
will also be described. 
Gas and vapours
Confined
Deflagrations
Detonations
Unconfined
Physical explosions
BLEVEs
Deflagrations
Detonations
Powders and
Hybrid mixtures
Gas & Powder
Thermal explosions
or
Runaway Reactions
Undesired reactions
Decomposition reactions
 
Figure 1.1:Incidental explosions in chemical industry. 
 
1.1 DEFINITION OF RUNAWAY REACTION 
A runaway reaction is the consequence of the loss of the thermal control in 
a reacting system. The phenomenon is also called thermal explosion and it 
implies an increase in the reaction rate and also the possibility of starting 
side decomposition reactions that can lead to the formation of volatile 
substances and the increase in pressure in the vessel containing the 
process. 
In contrast to explosions caused by combustions in which energy is 
released rapidly, in thermal explosions an induction period exists due to the 
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self-heating process; because of this, thermal explosions may be 
considered not less dangerous. 
This type of reaction is characterized by an incremental increase of heat 
generation and consequently when the rate of heat production is greater 
than that of heat loss/exchanged, the reacting mass overheats: the 
temperature increase becomes exponential with respect to time and so 
there is the loss of thermal control of the process. The relation between 
temperature and rate of reaction means that an increase in the first 
determines the exponential growth of the second, and so the heat 
accumulation is ever increasing. In this situation, the pressure also usually 
increases, because of the vapour pressure of the chemicals or the 
formation of gassy decomposition by-products.  
In Figure 1.2 the main causes of thermal explosions are shown. 
 
HEAT ACCUMULATION
TEMPERATURE INCREASING
RUNAWAY REACTION
• wrong kinetics 
evaluation
• wrong start up
• lack of  proper 
stirring
• too low  initial
temperature
• presence of
impurities
• too high feeding 
rate
• wrong heat 
balance
• wrong evaluation
of catalysts
• failure in mixing
or cooling devices
• too high initial 
temperature 
of the fluid
REAGENTS OR
INTERMEDIATES
ACCUMULATION
INADEQUATE
COOLING
SIDE
REACTIONS
• too high 
temperature 
 
Figure 1.2:Causes leading to runaway reactions. 
 
The most common causes of runaway reactions during the initial phases of 
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the process are an incorrect kinetic evaluation, an excessively high feeding 
rate of the reagents, an inadequate mixing of chemicals in the vessel or the 
presence of impurities in the reactor or the accumulation of reagents or 
intermediates. The failure of the cooling system or the failure of the stirring 
system lead to insufficient heat removal and so an increase in temperature 
and the possibility of side decomposition reactions.  
In 2001 the U. S. Chemical Safety and Hazard Investigation Board 
published a report in which 127 incidents that occurred in the U.S.A. during 
the period 1980-2000 were analysed: the conclusion was that 35% of them 
had been caused by runaway reactions. That is why Process Safety as a 
discipline must take particular care in the investigation of their causes and 
dynamics in order to prevent them from happening in the future [2]. In this 
sense, the method of “learning from incidents” is also very helpful.  
1.2 THERMAL EXPLOSION THEORY 
Consider a well-stirred batch reactor [3]: it is characterised by the system 
variables (temperature and concentrations), that vary with time and can be 
considered approximately constant with volume.  
At this point, it is necessary to make a clarification about the possible 
mechanisms that can generate a runaway reaction.  
A runaway or thermal explosion may occur either because the rate of heat 
generation is faster that the rate of heat removal by the cooling system (as 
already mentioned leading to an incremental increase in the temperature 
inside the reactor, causing an acceleration in the reaction rates that 
eventually can lead eventually to an explosion or because of chain 
branching processes. The first kind are the proper thermal runaway (or 
thermal explosion), the second are the so-called “chain branching-induced 
explosions”. Sometimes it is difficult to distinguish between the two 
mechanisms, such as in combustions or oxidations. 
1. Runaway Reactions 
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Essentially, runaway reactions are caused by the lack of ability of the 
system where the reaction is taking place to remove the heat evolved. An 
analysis of the energy balance of the system is of primary importance for 
understanding of the dynamics of heat production and removal. 
The theory of thermal explosion helps in the understanding of which factors 
can cause an explosion, whether this explosion will eventually happen, the 
prediction of the distribution of temperature in the reacting mass during the 
steady state, the determination of the temperature profile during the 
transient state and the determination of the event tree if there is no steady 
state. 
Here we will focus on thermal explosions with only one reaction. 
The first theory for describing runaway reactions was developed by 
Semenov in 1928. In literature there are several approaches for the 
description of the runaway phenomena, that can be classified as geometry 
or sensitivity based. In the first case thermal explosion is related to some 
geometrical features of the system; the second approach is related to the 
parametric sensitivity of the system and is very suitable for practical 
application.  
Let us consider an exothermic n-th order reaction taking place in a well-
stirred batch reactor. Assume the temperature to be uniform in the system. 
It is possible to describe the dynamics with the Equations for mass and 
energy balance (one-dimensional model): 
 
ncTk
dt
dc
 )(                                                                                         (1.1) 
 
   a
n
RP TTSUVcTkH
dt
dT
cV  )(                             (1.2) 
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where: 
 c is the reactant concentration, [mol/m3]; 
 t is the time, [s]; 
 k(T)  is the reaction rate constant as a function of temperature,  
[(mol/m3)1-n/s]; 
 n is the reaction order; 
 ρ is the density of the fluid mixture, [kg/m3]; 
 V is the reagents volume [m3]; 
 cP is the specific heat capacity of the reaction mixture, [J/K·kg]; 
 T is the temperature, [K]; 
 ΔHR  is the enthalpy of reaction, [J/mol]; 
 S is the external surface area per unit of volume, [m2/m3]; 
 U is the overall heat transfer coefficient, [J/m2·s·K]; 
 Ta is the ambient temperature, [K]. 
The initial conditions are incc   and 
inTT  at 0t . 
Equations 1.1 and 1.2 can be written in dimensionless form using the 
following expressions for temperature, time and conversion. Dimensionless 
temperature is defined as: 
 
 
 


in
in
T
TT
                                                                                        (1.3) 
 
where the Arrhenius number (γ) is defined as the dimensionless activation 
energy:  
 
in
act
TR
E

                                                                                                         (1.4) 
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in which Eact is the activation energy [J/mol], T
in is the initial temperature of 
the reaction mixture [K] and R is the ideal gas constant [J/K·mol].  
The dimensionless time () is: 
 
  1)(  nincTkt                                                                                    (1.5) 
 
and the conversion is: 
 
in
in
c
cc
X

                                                                                               (1.6) 
 
The following Equations are also needed to write the mass and energy 
balances in dimensionless form: 
1. the Semenov number ( ): 
   
 



in
ninin
R
TSU
cTkH )(
        (1.7) 
that represents the ratio between the heat production and removal; 
 
2. the dimensionless heat of reaction or dimensionless adiabatic 
temperature rise (B): 
   






in
P
in
R
Tc
cH
B                                                  (1.8). 
The dependent variables are the conversion and the dimensionless 
temperature. For given reaction kinetics and known ambient temperature, 
the behaviour of the system is fully characterized by B and  . 
1.2.1 Geometry based criteria for thermal runway 
In this section, the following geometry-based criteria for thermal runaway 
will be explained: Semenov, Bowes and Thomas, Adler and Enig, van 
Welsenaere and Froment, . 
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1.2.1.1 The Semenov and Frank-Kamenetskii criterion 
The Semenov criterion [4,5] is based on the hypothesis of negligible 
reactant consumption. This represents a limit in its applicability, even if this 
criterion is still a good approximation for a number of real systems, in 
particular for thermal runaway occurring at the very early stages of the 
process when the conversion and reactant consumption are nearly zero.  
The critical dimensionless temperature for runway ( C ) in the Semenov 
criterion is given by: 
 
    aC  4425.0                                                       (1.9) 
 
where a is defined as in Equation (1.3) but applied to the reactor jacket 
temperature, and the critical Semenov number by:  
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According to Semenov criterion, runaway occurs when   >  C
S, which 
physically means that the heat generation rate is increasing or the heat 
removal rate is decreasing in the system, leading to loss of thermal control 
and therefore runaway conditions. 
In terms of the profile of the heat evolved by the reaction versus 
temperature versus, the Semenov criterion has been schematized in Figure 
1.3 (solid line). 
Line 1 represents a situation in which the rate of heat production is always 
greater than the rate of heat removal by the cooling system, leading to self-
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acceleration of the system. In the case represented by line 3, there is a 
stable thermal equilibrium from point A to point L because the heat 
removed is greater than that produced, but from point L to B the equilibrium 
is unstable because a minimum increase in reactive mass temperature 
gives a large increase in rate of heat production, leading to a thermal 
explosion (after point B). Line 2 represents the critical temperature, such as 
the maximum allowed for the jacket.  
 
TTa1Ta2=Ta,crTa3
dQ/dt
3
2
1
A
C
L
B
Heat evolved by the reaction
Heat removed by the
cooling system
 
Figure 1.3: Profile of heat generation (solid line) or removal (dashed line) vs. 
Temperature in a jacketed reactor. 
 
In this analysis of the stability of the reactor, it is also important to 
emphasise the role of the product between the overall heat transfer 
coefficient and the external surface area per unit of volume, as shown in 
Figure 1.4 [6]. 
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Heat evolved by the reaction
Heat removed by the
cooling system
 
Figure 1.4:The influence of the overall heat transfer coefficient and the external 
surface area in the Semenov theory. 
 
A heat transfer coefficient which is too low can easily lead to a thermal 
explosion. This observation is quite important for example when managing 
polymerisation reactions in which the heat transfer coefficient is not 
constant during the process because of the influence of the increasing 
viscosity of the growing polymer. Semenov theory works well for gassy, 
liquid and small particle suspended systems that undergo self-heating, but 
in a turbulent regime, as happens in well-stirred reactors. The temperature 
distribution in the reacting mass is considered homogeneous. 
For non-turbulent systems the Frank-Kamenetskii theory [7] is instead 
applied, in which the temperature profile is non-homogeneous in the 
reacting mass but dependant on the spatial coordinates of the system (as 
illustrated in Figure 1.5).  
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Figure 1.5:Semenov vs. Frank-Kamenetskii temperature profiles models. 
 
To define the safety limits with this criterion is more difficult than in the 
previous case because of the non-homogeneous temperature profile. For 
simple geometries or symmetric systems (such as a cylinder or a sphere) it 
is possible to approximate the temperature distribution as dependant on 
just one spatial coordinate, and so the local energy balance become a 
second order ordinary differential Equation (ODE2). 
 
When the consumption of the reagent has to be taken into consideration, 
the Semenov criterion becomes too conservative.  
Alternative approaches have been proposed by different authors, that still 
base their criteria on geometric features of the temperature profile (in 
conversion or in time). Here Thomas and Bowes, Alder and Enig, van 
Welsenaere and Froment and Barkelew will be considered. 
1.2.1.2 The Thomas and Bowes criterion 
The Thomas and Bowes criterion [8] states that runaway occurs when in 
the   vs. plane, the second order derivative becomes positive before the 
temperature maximum: 
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In the dimensionless temperature trajectory, the inflexion in the region 
where the reactor temperature is increasing represents the boundary 
between runaway and non-runaway condition.  
Equations 1.11 define only the critical point but they do not specify whether 
it occurs before or after the temperature maximum and in order to decide 
this it is necessary to apply further specific numerical strategies.  
1.2.1.3 The Adler and Enig criterion 
The Adler and Enig criterion (1964) is formulated in the   vs. X plane [9] 
and the critical conditions are similar to those of the Thomas and Bowes 
criterion:  
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                                                                      (1.12) 
 
Adler and Enig found it more convenient to work in the   vs. X plane 
instead of the   vs. plane, because it is only necessary to consider only 
one Equation: 
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with the initial condition for  =0 at X=0.  
This criterion also requires a numerical strategy in order to decide whether 
the critical point occurs before the maximum of temperature. One of the 
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approaches proposed in literature is the van Welsenaere and Froment 
(1970). 
 
1.2.1.4 The van Welsenaere and Froment criterion  
The runaway criterion derived by van Welsenaere and Froment [10] is  
algebraically very simple to apply to a first order kinetics reaction, that gives 
the boundary for runaway according to Equation 1.14:  
 
 
1
2
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
T
TTb a                                                                                   (1.14) 
 
Where Tmax is the maximum temperature in the   vs. X plane. As 
reformulated in [3], the van Welsenaere and Froment criterion is shown as 
a second order perturbation correction to the Semenov criterion. The 
modified critical Semenov number is given by: 
 
S
C
VF
C
QQ







2
11
1                                                                        (1.15) 
 
where Q  is a dimensionless parameter defined as: 
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and the dimensionless critical temperature C  is still given by (1.9). 
As the value of B decreases, the prediction of this derived criterion become 
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more and more conservative than the previous one. For large values of the 
B parameter, the predictions for the critical conditions are the same. 
1.2.1.5 The Barkelew criterion  
Similarly to the van Welsenaere and Froment criterion, the Barkelew [11] 
criterion (1959) states that thermal explosion happens when: 
 
 
1
2
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
a
a
T
TTb
                                                                                  (1.17) 
 
 as reformulated in [3].                                            
1.2.2 Sensitivity based criteria for thermal runaway 
 
The criteria discussed above do not give any measure of the intensity of the 
runaway and can be applied only to those processes in which there is a 
temperature profile. This limitation can be overcome with sensitivity-based 
criteria, which identify the parametrically sensitive region of the system to 
define the runaway and non-runaway behaviour.  
The sensitivity-based criteria of Hub and Jones and Strozzi and Zaldívar 
will be described. Both criteria can be applied on line and as they do not 
need a model for the reaction, differently from the previous criteria.  
 
1.2.2.1 The Hub and Jones criterion  
Historically, this criterion [11] preceded that of Strozzi and Zaldívar. The 
Hub and Jones (1986) criterion states that runaway occurs when 
simultaneously the second derivative of reactor temperature and the 
derivative of the temperature difference between the reactor and the jacket 
(both with respect to time) are positive: 
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As the reactor temperature increases, runaway occurs if the second part of 
(1.18) is true and the boundary between stable and runaway behaviour is 
that T vs. t trajectory where the maximum value of (d2T/dt2) is zero. 
This criterion comes from differentiating energy balance for the reactor 
(Equation (1.2))with respect to time: 
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in which it is easy to see that the accumulation of heat in the system 
becomes ever-increasing when 1.18 is true. 
The application of this method does not require any previous information 
about the system: only the value of reactor and jacket temperature are 
required to be known. In practice the main problem in its application is the 
noise in the temperature signals that is amplified by differentiation. In order 
to avoid false alarms, it is necessary to apply digital filters of high order or 
algorithms for data smoothing to the signals.  
1.2.2.2 The Morbidelli and Varma criterion 
As previously mentioned, near the runaway boundary the behaviour of the 
system is very sensitive to small changes in the initial values of the 
parameters, so there is a parametrically sensitive region of the parameter 
for the system. The Morbidelli and Varma [13, 14, 15] criterion is aimed at 
the recognition of this region in order to mark the boundary for thermal 
explosion.   
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For a better explanation of this criterion, it is necessary to consider 
parametric sensitivity [3]. 
1.2.2.2.1 Parametric Sensitivity 
Parametric sensitivity is the effect of the variation of some parameter on the 
behaviour of the system. The tools to study parametric sensitivity are 
provided by sensitivity analysis.  
The local sensitivity of a system described by a single variable x is defined 
as: 
j
j
j
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),(
);(                                                                               (1.20) 
for a system in which change with respect to time of the variable x are 
according to the following differential Equation: 
 txf
dt
dx
,,                                                                                        (1.21) 
where x is dependent, t is the time,  is the vector of the total parameters 
of the system and the initial conditions are x(0)=xin. The function f is 
continuous and differentiable and the solution of Equation 1.21 is unique.  
Normally we calculate the normalized sensitivity of x with respect to j

: 
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Often the interest in this analysis is to find a specific characteristic of the 
system, so it is necessary to study the objective function sensitivity: 
1. Runaway Reactions 
23 |  
j
j
I
Is


 );(
                                                                                     (1.23) 
in which I is the objective function, continuous of the j

parameter. This 
function can also be normalized to obtain the normalized objective 
sensitivity: 
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1.2.2.2.2 The criterion 
The Morbidelli and Varma criterion uses the normalized parametric 
objective sensitivity as described in Equation 1.24, where I is replaced by 
* , which is the maximum dimensionless temperature, because we are 
interested in evaluating the thermal explosion. The authors said that the 
critical region for runaway occurs where the normalized sensitivity of 
maximum temperature is itself at maximum absolute value. The sign of the 
sensitivity has a meaning: if positive indicating that the temperature 
maximum increases as the chosen parameter increases (and vice versa if 
the sensitivity is negative), i.e. if positive the transition to runaway occurs 
when the parameter increases (and vice versa).  
If the criterion is intrinsic, it is independent from the chosen parameter 
demonstrated by Morbidelli and Varma [15]: so when the system is in the 
parametrically sensitive region, it is sensitive to all parameters 
simultaneously.  
Instead if the critical value of the parameter predicted from the normalized 
objective sensitivity is dependent on the choice of the parameter, then the 
system is said to be parametrically insensitive. In this case the definition of 
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the boundaries are not possible in a general way and every case has to be 
evaluated individually.  
 
1.2.2.3 The Strozzi and Zaldívar criterion 
This criterion is based on the chaos theory techniques [16]. Applying this 
approach, a mathematical model is not required for the process. The main 
assumption is that for t → ∞ (when the reaction is finished), the trajectory of 
the system tends to a specific point (for example that at which the 
temperature of the reactor is the same as the ambient or as the jacket 
temperature), that is the trajectories of two points near at the beginning of 
the reaction have to finish at the same final fixed point. The orbits of the two 
points can diverge during the way to the fixed point and so, if the process 
parameters are near the runaway boundary, a small change implies a large 
change in the phase-pace trajectories. The rate of divergence of the 
trajectories can be quantified by using the local Lyapunov exponents: the 
runaway case is characterized by the divergence and similarly the non-
runaway case by the convergence of the trajectories.  
The divergence is a scalar quantity defined at each point as the sum of the 
partial derivatives of the mass and energy balances with respect to the 
conversion and temperature respectively.  
The on-line application of this criterion requires the reconstruction of the 
phase-space of the system by non-linear time series analysis using delay 
coordinate embedding (i.e. the use of time delays of the temperature 
measurements). After this, it is necessary to compare the reconstructed 
phase-space with the original one by studying the evolution of the 
divergence during the transient. This value of the divergence is the so-
called early-warning to distinguish between a runaway and a non-runaway 
field.  
This method has been validated experimentally by many authors in 
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different studies that demonstrated its reliability for batch, semi-batch and 
continuous reactors operating both in isothermal or isoperibolic conditions 
and with different types of reactions (equilibrium, chain reactions, parallel 
reactions) [17, 18]. 
1.2.2.3.1 The dynamic state and the phase-space 
The dynamic state is a notion useful for modeling those systems that 
evolve over time with a correlation between the present state and the past 
ones. If the evolution is continuous, the correlation is a differential Equation.   
Dynamic states are characterized by: 
1. the phase-space, which is the set of all the possible states of the 
system. In this case it is a topological space; 
2. the time set, which in this case is the Real Number set , because 
the dynamic system is continuous; 
3. the evolution that represents how the states of the system change 
with time. It is a set of functions that in the case of a topological space 
are called homeomorphisms. 
The phase-space reconstruction is aimed at the description of the dynamic 
behaviour of the system by a geometric analogy: every state of the system 
corresponds to a point in the phase-space and its evolution can be 
represented by a trajectory.  
In a chemical reactor the phase-space is based on the concentration of the 
reactants and on temperature values; during the reaction, the trajectories 
converge to a final fixed point but they may diverge during the process and 
lead to a runaway situation. 
 
1.2.2.3.2 Dissipative systems and volume contraction in the phase-space 
Let us consider a system of d ordinary differential Equations (i.e. the mass 
and energy balance): 
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dt
dx(t)
                                                                                      (1.25) 
where x(t)=[x1(t), …, xd(t)] in 
d  and F = [F1, … , Fd] is a non linear 
continuous function in x (usually known). For t > 0 the initial condition x(0) 
moves to a new point x(t). Similarly, all points placed initially in the region 
called Γ(0) will move to Γ(t). Let us define V(t) as the volume of the Γ(t) 
region; this can be expressed by Liouville’s theorem: 
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Assuming that this d-dimensional volume is small enough that the 
divergence can be considered constant on it, then: 
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and hence 
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which means that the initial phase-space volume V(0) shrinks or grows with 
time according to the following expression: 
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So for a system described as in (1.19), the rate of change of an infinitesimal 
volume V(t) that follows the orbit x(t) is given by the divergence of the flow, 
which is locally equivalent to the trace of the Jacobian of F.  As the integral 
of a strictly positive (or negative) function is itself strictly positive (or 
negative) and the integral of an identically zero function is still zero, it 
follows that if divF(x) < 0  the flow of the trajectories shrinks, demonstrating 
that V(t) is contracting (dissipative system); vice versa  if divF(x) > 0 the 
system is expanding; or if divF(x) = 0 the system is conservative.  
A chemical reactor is a system in which the dimension is the sum of the 
reactor temperature and the different concentrations that collapse to a point 
of zero-dimension (the reactants are consumed and the temperature is that 
of the jacket). To detect the possibility of a runaway we have to study the 
dynamics of collapse of the orbits.  
                                                                                                             
1.2.2.3.3 Phase-space reconstruction 
A method that allows the calculation of divergence on-line without solving 
the differential Equations is the embedding theory: it describes a series of 
measured quantities over time by a phase-space topologically similar to the 
dynamic one of interest.   
Let us consider: 
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a series of measurements over time of a variable g(t) of the system in 
which h is generally unknown.      
The problem is to reconstruct the multivariable phase-space starting from 
the measurement of a finite number of variables. Tekens [19] demonstrated 
that, in specific conditions, the reconstruction of the phase-space of a d-
dimensional dynamic system can be achieved with a limited number of 
variables. Saurer’s review of this states that it is possible to reconstruct the 
phase-space if the system lies in a compact sub-set of the Euclidean space 
d   with d < ∞ [20]. The methods for phase-space reconstruction can be 
classified on the basis of the coordinative parameters they use: 
- embedding delay coordinates or lags ({g(t), g(t-Δt), g(t-2Δt), …  g(t-
(dE -1)Δt)}) which are the variables observed in the past  
(dE is the embedding dimension); they are easy to treat and effective also 
for high dimensional systems. To use them it is necessary to choose the 
delay parameter Δt (that is the time delay between the experimental 
measurements chosen to reconstruct the phase-space), which is the most 
delicate step.  
- derivative coordinates ({g(t), dg(t)/dt,… , d(dE-1)g(t)/dt(dE-1)}). They 
are successful at high order [21]. This method is of course very sensitive to 
noise and this is why the first method is widely used. 
-   integral coordinates ({g(t), I1[s(t)], … , IdE-1[g(t)]}). 
The choice between these three makes a large difference in the quality of 
the results and it is not known which method is the best [22]. The main 
problems are due to the presence of noise and the finite characteristics of 
the data set that produce a non-unique solution.   
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1.2.2.3.4 Divergence Calculation 
When the phase-space is reconstructed, the second step is the divergence 
calculation for the same data set. Divergence is defined by: 
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where

)(tV is the variation of phase-space volume with time. As dissipative 
systems shrink the denominator of the fraction will rapidly go to zero; as for 
state, because a volume is an always positive quantity  it is possible to 
deduce that  divF(x) > 0, which is equivalent to: 
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where )(tV  is the infinitesimal variation of volume in the phase-space. In 
this way it is not necessary to use Equation (1.32), which can create 
numerical errors when dividing very small numbers. 
The volume is calculated as:  
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where (
x
iQ  , 
y
iQ ) are the x and y components of the iQ vector. Then 
)(tV is: 
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Figure 1.6 represents the evolution with time of the phase-space volume in 
a system in which dE is two and using a set of temperature data: the volume 
is an area (2 dimensions). The term Δt1 is the delay between the calculation 
of the volume and Δt2 is the time delay between two points in the phase-
space.  
 
 
Figure 1.6: Volume evolution in the phase-space (dE = 2). 
 
1.3 STATISTICS ON RUNAWAY REACTION INCIDENTS 
Incidents due to runaway reaction are quite common in the process 
industry; because of this they have been analysed and catalogued by 
several authors. 
Figure 1.7 shows the results of a study conducted by Nolan and Barton in 
1987, in which they identified 134 incidents caused by thermal explosion in 
the United Kingdom between 1962 and 1987 [2]. 
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Figure 1.7: Statistic of runaway reactions causes according to Nolan and Barton 
[2]. 
 
The same authors analysed 142 incidents that happened in batch reactors 
between 1962 and 1984, and classified the causes of runaway reaction as 
follows: 
1. 22% of the incidents involving runaway reactions were caused by an 
error in the control of the reactor temperature (for example, due to a mis-
positioning of the temperature probe), a failure of the monitoring system for 
the vapour pressure in the jacket or of the jacket temperature, a leakage of 
water from the cooling system and other similar errors.  
2. 21% of runaway reaction incidents were caused by lack of 
knowledge of the thermo-chemistry of the process, leading to either an 
underestimation of the heat of reaction, to the undesired presence of 
unstable components in the vessel, to an unexpected autocatalysis 
phenomenon or to an unexpected phase transition of the products, others. 
3. 17% of incidents were due to an over-charging of chemicals in the 
vessel, an excessive/insufficient feeding rate of reagents, an erroneous 
charging sequence of chemicals, or the presence of an erroneous chemical 
for the process, others.  
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4. 15% of runway reaction incidents happened after maintenance 
operations. 
5. 10% of incidents were related to problems of the stirring system, 
(insufficient, failed or stopped), caused by human error of the operator or by 
a power blackout.  
6. 8% of runaway reactions were caused by an error in the recipe of 
the process or by the presence of impurities. 
7. The final 7% of incidents were created by different causes such as 
the noncompliance of the procedures or a deviation from them.  
We can conclude that all the incidents can be classified into two fields: 
a) Thermo-chemistry of the process (points 1 and 2), 
b) Operations and chemical plant (points 3 to 7), 
and moreover that process safety is firstly based on a detailed knowledge 
of the chemistry and thermodynamics of the process, and then on the 
correct design and scale-up of it.   
Another important study conducted by Vilchez et al. [23] showed that 
runaway reactions can happen not only during plant operations but also in 
transport and storage of materials. The authors analysed 5325 incidents 
reported in the MHIDAS data bank and covering a large part of the past 
century (until 1992); the results are represented in Figure 1.8. 
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Figure 1.8: Vilchez, Sevilla, Montiel e Casal on MHIDAS data bank incidents 
involving runaway reactions [23]. 
 
A further analysis of the French Data Bank ARIA [24] shows that between 
2005 and 2010 in France, 352 incidents involved sites of polymer 
production and manufacturing of plastic materials and resins (which are the 
case studies considered Chapters 4 and 5). The incidents happened in 
either process, transport or storage operations, and caused fires and 
explosions. In most of the cases there have been no severe damages to 
human beings and environment; however, in 24 of the incidents 
considered, one or more people were injured  and in 2 cases there were 
two fatalities. In 8 incidents the significant economic cost was incurred; in 6 
cases people living around the chemical plant had to evacuate the area 
because of the release of toxic substances.  
1.4 CHEMICAL STABILITY 
When considering the chemicals to be used in a reaction, it is important to 
understand how stable the products are going to be. The American Institute 
of Chemical Engineering (AIChE) defines [25]: 
 Unstable: a material that can decompose over time or if exposed to 
conditions such as heat, friction, shock, catalyst or other environmental 
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conditions with the resulting decomposition products that can be toxic or 
flammable. If the decomposition is rapid enough, can lead to an 
explosion that can generate a considerable amount of heat and gases 
for fires or explosions to take place.  
 Polymerizing: a material that has the tendency to self-react and form 
larger molecules with the possibility of a great amount of heat or gases  
evolved during the reaction. 
 Pyrophoric: a material that ignites spontaneously when exposed to air. 
 Peroxide former: a chemical that has the tendency to react slowly with 
oxygen (also if exposed to air) and form unstable organic peroxides. 
 Water reactive: a substance that can react with water or moisture. 
 Oxidizer: a material that can give up oxygen or oxidize other chemicals. 
 Reducer: a chemical that can reduce other materials, generating a 
dangerous amount of heat. 
 Toxic: property of chemicals to be poisoning after a certain amount of 
time of exposure to a given concentration.  
A substance that shows some of these characteristics can be considered 
hazardous.  
In fact, some chemical and thermodynamic features of a material can 
reveal its instability: presence of double/triple chemical bonds and their 
position in the molecule, the type and number of substituents and how they 
interact, negative enthalpy of formation (endothermic formation process), 
the products formed and the rate of their formation during decomposition of 
the material, and so on. Additional information on chemical stability can be 
provided by literature surveys and experimental techniques. 
1.5 PROTECTIVE MEASURES  
Runway reactions are characterized by self-heating; because of this the 
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temperature inside the vessel must be monitored in different positions in 
order to check for formation of hot-spots. Monitoring of pressure is also 
fundamental to prevent release of chemicals. Emergency measures against 
thermal explosions are mainly: 
quenching; 
 blowing down the contents of the vessel into a tank filled with 
cooling agents; 
 introducing cool fluids into the reactor to slow the reaction rate; 
 bursting disks and venting systems (irreversible and reversible 
emergency relief systems); 
 using chemical inhibitors or retardants. 
Chemical safety strategies can be grouped into four categories [26]: 
inherent, passive, active and procedural (Figure 1.9). 
Inherent Passive Active Procedural
 
Figure 1.9:  The four process safety strategies [26]. 
The inherent safety approach consists in eliminating, where possible, the 
hazards of the process by substituting the materials and the conditions 
involved [27]. This strategy is based on the ideas of minimizing the 
quantities of hazardous substances, substituting materials/reactions with 
less hazardous ones, moderating process conditions in order to reduce the 
impact in case of release, and simplifying process and equipment design to 
eliminate opportunities for errors.  
The passive approach is based on designing the process and equipment in 
order to reduce either the frequency or the consequences of an incident, 
but without the active functioning of any device (i.e. containment). Inherent 
and passive are most robust and reliable strategies, but cannot be 
1. Runaway Reactions  
36 | 
sufficient. 
The active process safety strategy includes control systems and safety 
instrumented systems; they can either prevent an incident or minimize the 
consequences (i.e. the Early Warning Detection System coupled with the 
chemical inhibition method).   
Procedural safety is based on operating procedures, safety rules, operator 
training, emergency procedures and management systems.  
The following measures belong to the first three categories. The best option 
is usually to minimize hazards by inherently safer design, however when 
this is not reasonably practicable, other safety measures are required, 
either alone or in combination [28]. 
1.5.1 Venting Systems 
Emergency relief systems are some of the most commonly selected 
measures to protect reactors from thermal explosions. The main 
advantages of their application are the independence from the control 
system and their passivity (and therefore their reliability and robustness). 
The principle is to vent the gas/vapour evolved during the runaway reaction 
through a pipe, sufficiently sized to protect all the equipment from 
overpressure. The products vented can be either released into the 
atmosphere, contained in a vessel or burned in a torch. Protection is 
ensured by bursting disks or pressure safety valves that are designed to 
work at a specific pressure (Figure 1.10). 
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Figure 1.10:Venting system: (a) bursting disk and (b) safety valve configurations. 
A venting system must be correctly sized in order to keep down the 
maximum pressure caused by the runway. The design can be complicated 
because of the pressure profile in the equipment due to the pipeline that 
connects the reactor to the blow down vessel (it is usually illegal to 
discharge directly into the atmosphere).  
In practice there are many different semi-empirical and empirical methods 
for the sizing of emergency relief systems [28]. Those proposed by the 
Design Institute for Emergency Relief (DIERS) of the AIChE are particularly 
well known. The main steps in the sizing of venting systems are the 
determination of the worst-case relief scenario (and so of the largest 
required relief size), the determination of the system type for relief sizing 
(vapour pressure, gassy or hybrid) and from this the determination of relief 
flow type (two-phase vapour/liquid, gas/liquid, hybrid/liquid and if it will be 
laminar or turbulent). All these factors will affect considerably the method to 
be used in sizing and the final results and efficiency. A study conducted by 
DIERS showed that most of the incidents associated with the overpressure 
evolved during a thermal explosion are caused either by an erroneous 
sizing in the venting system and/or by an inadequate choice of the devices 
that depends on the type of flow to be discharged (one or two phases). 
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DIERS group has also tried to give indications about the types of treatment 
to be carried out after discharging the flow (two-phase separators, cooling 
vessels, scrubbers, torches, chimneys). This is of primary importance if we 
think about incidents from the past such as Seveso and Bhopal, that had 
severe consequences on human health and environment because of the 
type and quantity of chemicals released into the atmosphere after a 
runaway reaction.  
Chimneys can be applied only if the materials are neither toxic nor 
flammable at the concentrations involved in the emergency release, 
otherwise this piece of equipment may only be used as the last step of a 
sequence of treatments.  
Two-phase separators are based either on gravity or on centrifugal force. In 
the former case, the discharged flow enters a vessel and flashes so that the 
liquid drops dispersed in the vapour (or gas) precipitate; however this is not 
a very efficient system unless the scale of the equipment is very large. In 
the latter case there is a mechanical part rotating (e.g. a swirl or a cyclone) 
and the efficiency is greater also for smaller apparatus, even if the costs of 
it is major and the quantities to be treated have to be bigger and with high 
inlet speed. Both methods are suitable for large-size drops in the stream; 
for small drops is necessary to use a scrubber.  
Cooling vessels can also separate a two-phase flow: the vented stream is 
dispersed in a cool fluid and the outlet stream consists of non-condensable 
vapours that are burned in a torch or sent to a chimney. This separation 
system can be either open or closed: the former are better to treat a large 
volume of non-condensable vapours without creating an overpressure; the 
latter are better for a stream with a small quantity of non-condensable 
vapours that generate a low pressure increase. 
Scrubbers, as already mentioned, are necessary when treating vapour (or 
gassy) streams in which small drops of liquid are dispersed. In any case, 
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after scrubbers, there is always a torch or an incinerator to thermally 
destroy also the smaller drops and dangerous chemicals before 
discharging into the atmosphere.  
1.5.2 Containment Systems 
Containment is a passive safety measure, based on designing the walls of 
the reactor to resist the maximum temperature and pressure that can be 
evolved during a thermal explosion (data obtained by adiabatic calorimetry 
techniques), thereby containing the overpressure caused by a runaway 
reaction within the vessel itself. In practice the walls of the vessel are 7 or 
10 times oversized with respect to the nominal pressure of the process.  
When the potential overpressure that can be reached in an emergency 
scenario is great enough so as to make the application of this approach 
technically and economically unfavourable, it is possible to couple a 
containment system with a venting system or to place the reactor in a 
bunker or underground (i. e. total containment, in which an external vessel 
is coupled to the reactor with the function of containing the stream evolved 
during a malfunction. In this way the pressure profile in the reactor is kept 
under control if gases are evolved, or if vapours are formed they can 
condense as a result of their expansion). 
If the reactor is located within a battery of equipment, particular attention 
must be paid to synergic effects, which can cause a greater overpressure 
to be generated than that estimated for unconfined conditions (pressure-
piling): in this case it is important to idle all of the apparatus in the battery.  
 
1.5.3 Chemical Inhibition 
The use of chemical inhibitors in case of runaway reaction is still not 
widespread because of the complexity and hazards involved in scale-up 
experimentation [29]. The principle is to add small quantities (some ppm) of 
particular chemical substances that if injected in the reactor at a very early 
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stage of the thermal explosion can either stop the reaction (inhibitor) or 
slow it down (retardant). The efficiency of this mitigation method depends 
on the kinetics of the reaction involved and on the interaction between 
reagents and inhibitors. Additional problems can derive from hot-spot 
formation; if the mixing system in the vessel is inadequate, these can form 
after injection in areas where the inhibitor is not present. In this sense, 
position and number of the injection points are also very important. A 
further consideration is the injection time, which must be properly chosen in 
order to make the inhibition mechanism as efficient as possible: the 
chemical inhibition method can in fact be coupled with an EWDS, after 
whose alarm the inhibitor can be injected into the reactor. The problems 
discussed above can be answered by a calorimetric experimental approach 
[30, 31, 32, 33]. 
Let us focus again on the role of the chemicals added to the system: 
inhibitors are substances with a high reactivity toward radicals, and so they 
fix them to give more stable chemical species and block the reaction until 
all the inhibitor is consumed. In the conversion  profile reported in Figure 
1.11, it is possible to identify the related induction period (curve b), which is 
proportional to the quantity of inhibitor added to the system: for the case of 
polymerisation, it is evident that the inhibitor does not change the kinetics of 
the process, but displaces them in time.  
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Figure 1.11: Inhibitors (b) and retardants (c): polymerisation example (a). Curve d 
shows a combined effect of b and c. 
Retardants are less reactive than inhibitors, and they compete with 
radicals. In particular, in polymerisation processes they fix the growing 
polymeric radicals, causing the termination of chains. This is different from 
inhibitors, which act during the initiation step. Some chemicals can act with 
an intermediate effect, as shown in curve d of Figure 1.11.  
Typical chemicals used for this function are phenols, quinine, nitrated, 
sulfured and oxygenated compounds. More aspects will be described in the 
case study of methyl methacrylate in Chapter 5. 
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SYMBOLS 
S
C  critical Semenov, [-]  
)(tV  infinitive variation of volume in the phase-space  
a  jacket/ambient dimensionless temperature, [-] 
VF
C  modified critical Semenov number in van Welsenaere and Froment criterion, 
[-] 
  Semenov number, [-] 

)(tV  variation of phase-space volume with time  
__
in
refers to the initial conditions (at ) 0t for the considered parameter 
B dimensionless heat of reaction or dimensionless adiabatic temperature, [-]     
c reactant concentration, [mol/m
3
] 
cP specific heat capacity of the reaction mixture, [J/K·kg] 
dE is the embedding dimension      
C dimensionless critical temperature, [-]          
Eact activation energy, [J/mol]  
k(T)  reaction rate constant as a function of temperature,  [(mol/m
3
)
1-n
/s] 
n reaction order, [-] 
QS  dimensionless parameter defined in Equation 1.16, [-] 
R ideal gas constant, [J/K·mol] 
s  local sensitivity, [-] 
S external surface area per unit of volume, [m
2
/m
3
] 
S normalized sensitivity 
T temperature, [K] 
t time, [s] 
Ta ambient temperature, [K] 
T
in
 initial temperature of the reaction mixture, [K]  
Tmax maximum temperature, [K]                                                                                                           
U overall heat transfer coefficient, [J/m
2
·s·K] 
V reagents volume, [m
3
] 
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X conversion, [-] 
ϴ dimensionless temperature, [-] 
ΔHR  enthalpy of reaction, [J/mol] 
γ Arrhenius number, [-] 
ρ density of the fluid mixture, [kg/m
3
] 
dimensionless time, [-] 
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2. CALORIMETRIC TECHNIQUES 
 
Calorimetry is the science aimed at the measurement of heat between a 
system and the surrounding environment during a chemical reaction or a 
physical transformation.    
Research in this field started in the latter part of the 18 th Century, and 
during the 19th Century calorimetry techniques progressively improved; in 
recent decades however, the depth of knowledge in this topic has 
increased significantly, and many different analytical instruments based on 
measurement of heat have been developed.  
The application of a calorimetric approach to risk analysis provides useful 
data to help predict the behaviour of a process. This allows us to judge the 
suitability of the designed process, to avoid unexpected side reactions and 
decompositions of hazardous chemicals, to correctly size protective 
measures and to perform a variety of engineering calculations [1]. 
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2.1 DEFINITION OF SAFETY RELEVANT PARAMETERS 
There are four categories into which monitored parameters relevant to risk 
analysis can be classified: temperature, pressure, heat or power and time.  
Temperature and heat are considered to be indicators of the severity of the 
runaway reaction, even though pressure is the most important parameter to 
control because overpressure can cause damage to equipment, harm to 
operators and undesired release of chemicals into the environment. It can 
be generally stated that the higher the temperature, the rate of heat release 
and pressure, the higher the risk of severe incidents. The time scale over 
which the event takes place is also critical: in past incidents, incorrect 
judgment of time scales has prevented operators from detecting the 
maloperation and adopting proper corrective measures.  
Let us list some relevant parameters belonging to each of the four 
categories. Concerning temperature, the following must be taken into 
consideration: 
- Process temperature T. 
- Maximum Temperature attainable by Synthesis Reaction MTSR, which 
is the maximum temperature that can be reached in the reactor 
because of the desired synthesis in adiabatic conditions. Considering a 
batch process, it can be evaluated by an adiabatic calorimetric test or 
estimated by the following Equation: 
p
R
c
H
TMTSR

                                                                              (2.1) 
- Adiabatic temperature increase ΔTad : the total temperature increase 
due to the reaction in adiabatic conditions.  
- Onset temperature (or decomposition temperature) Tonset : the lowest 
temperature at which the exothermic reaction is observed. This 
parameter depends strongly on the sensitivity of the instrumentation 
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used: the more sensitive it is, the lower the detected onset.  
- Self Accelerating Decomposition Temperature SADT is the temperature 
at which the rate of heat production becomes equal to the rate of heat 
loss by the system. It depends on the cooling time constant of the 
vessel (i.e. on the size of the container) and on the thermokinetics of 
the reaction.  
- Maximum Self Heating Rate: the maximum rate of increase of 
temperature in adiabatic conditions.  
Some heat and power-related parameters important in risk assessment are: 
- Power Release 

RQ  which is the heat flow released by the system 
during a specific period of time.   
- Maximum Power release 

MAXRQ , : the maximum value of 

RQ . 
- Evolved Heat QR which is the total amount of heat released from the 
beginning of the process to a certain time. It is the integral of the  
chemical heat flow with respect to time. Therefore, for a single reaction 
considered at final conversion it corresponds to the heat of reaction ΔHR  
(or to the heat of decomposition in case of a decomposition reaction) 
under the process conditions.  
Lastly, the time-related parameters are: 
- Time to Maximum Rate TMRad under adiabatic conditions: the time 
taken to reach the maximum self-heating rate under adiabatic 
conditions. It depends on both side and decomposition reactions and on 
initial temperature.   
- Induction Time or Period: the time after which self-heating starts under 
isothermal conditions; it depends on the temperature and the 
concentration of reagents and is a characteristic for processes such as 
polymerisations and autocatalytic reactions.  
Most of the parameters listed above are influenced by the experimental 
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apparatus, conditions and procedures.  
2.2 CLASSIFICATION OF CALORIMETERS 
The experimental devices used in calorimetry can be classified on the basis 
of: 
a. The reaction volume (microcalorimeters, minicalorimeters and 
reaction calorimeters). 
b. Operating modes (isothermal, adiabatic, isoperibolic, oscillating 
temperature calorimeters). 
c. Control system (active or passive calorimeters). 
d. How they are constructed (single or double calorimeters). 
e. How they work (e.g. differential calorimeters, combustion 
calorimeters, ...). 
Concerning the first category, it is possible to classify instruments into three 
classes, described below. When the volume of reaction is smaller than 1 
millilitre (i.e. some tens of microlitres) the calorimeters are called 
microcalorimeters. Differential Scanning Calorimeters (DSC) and 
Differential Thermal Analysis (DTA) belong to this category. In DSC the 
difference in the amount of heat required to increase the temperature of a 
sample and reference is measured as a function of temperature; both the 
sample and reference are maintained at nearly the same temperature 
throughout the experiment. In DTA, the material under study and an inert 
reference are made to undergo identical thermal cycles, while recording 
any temperature difference between sample and reference. This differential 
temperature is then plotted against time, or against temperature (DTA 
curve or thermogram).  
If the reaction volume is less than 0.1 litres (i.e. some millilitres) the 
calorimeters are called minicalorimeters, such as the Calvet or Thian 
calorimeter [2, 3] and the Thermal Screening Unit TSu. They are usually 
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more sensitive than DSC and DTA and allow the user to simulate some 
simple process conditions (e.g. mixing) because they are larger.  
The instruments described up to now are usually employed to determine 
the thermokinetic data of the process and to study the stability of the 
materials involved. The advantages are the precision and the rapidity of the 
analysis and the use of small quantities of reagents, making the 
experiments cost-efficient. The disadvantage is that the conditions reached 
are very different to those in practice, for example in terms of heat transfer 
and mixing. Because of this, these instruments are considered as 
screening tools, very useful in preliminary steps of the risk assessment.  
When the volume of reaction is between 0.3 litres and 10 litres the 
apparatus are called reaction calorimeters, in which the operating 
conditions can be very close to those in practice, as they are in fact small-
scale reactors with external jacket to operate heat transfer and stirring 
system. Their use allows a proper scale-up, optimization and safety 
assessment of the designed process.  
2.3 PRINCIPLES OF MEASUREMENT 
In this section the various principles of measurement used in calorimetry 
will be discussed. They depend on the apparatus used and can be 
combined in order to overcome their individual limitations. 
2.3.1 Heat Flow or Flux 
The power evolved by the sample is evaluated according to the Equation: 
 
TSUQ 

                                                                                         (2.2) 
 
where ΔT is the measurable variable during the experiment (i.e. the 
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difference of temperature between the sample and the reference in a DSC 
or the difference between the reactor and jacket temperature in a reaction 
calorimeter) and the product of the overall heat transfer coefficient and the 
heat transfer area can be determined by a calibration of the system, usually 
performed at the beginning and at the end of the test.  
2.3.2 Heat Balance 
This approach is mainly used in reaction calorimetry, and here the power 
evolved by the sample is calculated using the energy balance between the 
reactor and its jacket: 
 outjinjjpj TTcmQ ,,, 

                                                                        (2.3) 
which can be solved by measuring the inlet jacket temperature T j,in, the 
outlet jacket temperature Tj,out and the mass flow in the jacket 

jm
; it is 
necessary to perform a calibration to determine 
jpj cm ,

 and the heat loss 
from the jacket. Usually this type of instrument is quite complicated and 
requires very precise measurement of temperature and mass flow. 
 
2.3.3 Calvet  
The Calvet principle is used mainly in microcalorimetry but also in DSC and 
in some reaction calorimeters. Instruments based on it are the most 
sensitive but can be employed only over a narrow range of conditions in 
terms of temperature and heating rates. The sample holder is surrounded 
by a second wall, and the temperature difference between the internal and 
external side of this wall is measured by thermocouples. The power 
evolved by the sample is calculated by the energy balance on the second 
wall, of which every geometric and physical characteristic is known.   
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2.3.4 Power Compensation  
Many DSC and reaction calorimeters are based on this principle: in some 
types of DSC, the sample and the reference are placed in twin ovens and 
the temperature difference between them is measured; the instrument 
controls the power supply to the sample in order to keep this difference as 
low as possible. In a reaction calorimeter, the heat transfer between the 
sample and its surrounding is kept as constant as possible; the sample 
temperature is also kept as close as possible to the set point by an internal 
heater (compensation heater). In both cases the power supplied is 
measured and the power evolved by the sample is considered to be the 
difference between it and a baseline value determined before the start of 
the reaction.    
 
2.3.5 Isoperibolic Balance  
This principle is employed in reaction calorimetry and consists of 
maintaining the system in a quasi-isothermal state for example by means of 
a vessel placed between the system and the jacket (also held isothermal) 
or by controlling the mass flow in the jacket. The heat transfer coefficients 
between the system and the vessel and between the vessel and the jacket 
should be high. The latter is nearly constant and is determined by a 
calibration performed with an electrical heater. The power evolved by the 
sample is calculated by using the energy balance on the vessel. This kind 
of device is simple and  inexpensive but a limit in performance is imposed 
by the non-isothermal characteristic of the reaction.  
2.3.6 Adiabatic Balance 
This principle is used in adiabatic calorimetry in which ad is measured. 
Differences in precision between instruments (due to differing adiabaticity) 
can be explained using the Phi Factor (Ф) which is the ratio between the 
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theoretical adiabatic temperature increase for the reaction and that 
recorded for the system (sample + sample holder), expressed as follows:  
sps
cpcsps
cm
cmcm
,
,, 
                                                                                           (2.4) 
where ms is the sample mass and cp,s its specific heat capacity; and ms and 
cp,c are the same parameters for the sample holder. The closer to one the Ф 
is, the more adiabatic the system, and so the more reliable the results of 
the experiment for scale-up.    
 
2.4 OPERATING MODES 
Calorimeters, compatibly on how they are constructed, can be run in the 
following operating modes: 
1. Temperature Scanning: the sample is subjected to a constant ramp of 
temperature. In this way the heat capacity, the power release as a 
function of temperature and of time, the onset temperature, the 
maximum temperature, the heat of reaction, the pressure increase and 
the gas evolution can be obtained. The scanning mode is usually 
employed as a preliminary test to evaluate kinetics that cannot be easily 
extrapolated for conditions which differ from the experimental. For more 
detailed data, isothermal and adiabatic tests should be performed.  
2. Isothermal Conditions: a constant temperature is set and the sample is 
monitored. Usually these tests are performed in reaction calorimeters to 
validate data obtained by scanning tests. With an isothermal test it is 
possible to evaluate the power release as a function of time, the 
induction period and the time of maximum heat generation. The shape 
of the exotherm gives direct information about the reaction kinetics. In 
some cases it is also possible to measure the pressure variation and 
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the amount of gases generated.  
3. Isoperibolic Conditions: the temperature of the environment surrounding 
the sample is kept constant (e.g. the jacket temperature). Data obtained 
are very difficult to analyse (with the exception of the quasi-isothermal 
cases); applications are usually limited to simulations of industrial 
conditions.  
4. Adiabatic Conditions: in order to maintain the adiabaticity, it is 
necessary to reduce the heat losses of the system as much as possible. 
In this way it is possible to simulate the failure of the cooling system of a 
reactor. The reliability of the results depends on the Phi Factor of the 
apparatus. The most important parameters that can be evaluated are 
temperature and pressure profiles with respect to time, the onset 
temperature, the MTRS, the TMRad, the ΔTad and the kinetics 
parameters.    
For instruments operating under pseudo-adiabatic conditions, it is 
necessary to model the heat losses in order to perform kinetics 
calculations. 
5. Oscillating Temperature Conditions: the temperature of the jacket is a 
sinusoidal function with maximum amplitude of 2°C (both in scanning or 
isothermal mode). In this mode, reaction calorimeters allow the on line 
calculation of the product between the overall heat transfer coefficient 
and the heat transfer surface, and also the heat capacity of the system. 
(in the Tocal calorimeter, it is necessary to use a calculated value of cp). 
This is a very important property, particularly when studying 
polymerisation reactions, in which SU   changes drastically over the 
course of the reaction because of the difference in the physical 
properties of the polymer with respect to the monomer (in particular the 
viscosity). 
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In Table 2.1 the methods and techniques are compared. 
Table 2.1: Calorimetric methods and techniques in comparison. 
 Thermometry Calorimetry 
Method DTA NDTA* DSC 
Micro 
calorimeters 
Reaction 
calorimeters 
Adiabatic 
calorimeters 
Principles of 
Measurement 
 
Heat Flow   ☻  ☻  
Heat Balance     ☻  
Calvet   ☻ ☻ ☻  
Power 
Compensation 
  ☻  ☻  
Isoperibolic 
Balance 
    ☻  
Adiabatic 
Balance 
    (☻)** ☻ 
Operating 
Mode 
 
Scanning ☻ ☻ ☻ ☻ (☻)  
Isothermal ☻ ☻ ☻ ☻ ☻  
Isoperibolic     ☻ ☻ 
Adiabatic     (☻) ☻ 
Measurement       
ΔT ☻      
T  ☻   ☻ ☻ 

Q    ☻ ☻ ☻  
P  ☻  ☻ (☻) ☻ 
Safety 
Parameters 
 
MTSR   ☻** ☻ ☻ ☻** 
ΔTad   ☻ ☻ (☻) ☻ 
Tonset ☻ ☻ ☻ ☻ (☻) ☻ 
Maximum self-
heating rate 
  ☻ ☻  ☻ 
TMR   ☻ ☻ ☻ ☻ 
Induction 
period 
☻scanning ☻ 
☻scanning 
☻scanning 
☻ scanning ☻scanning ☻ 
Kinetics   ☻ ☻ ☻ ☻ 
*: NDTA pseudo-adiabatic instruments.. 
**: ( ) Optional characteristic. ☻ Directly calculated by measurement ☻ Direct 
experimental measurement. ☻Calculated by modelling.  
 
Usually thermometry techniques are coupled with calorimetric techniques in 
order to obtain all the most important data for the system being considered. 
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Further analytical techniques may also be coupled to them (e.g. 
spectrophotometry as shown in Chapter 3), thereby making the data set 
even more complete and accurate.  
2.5 THERMAL SCREENING 
Thermal screening of chemicals and mixtures is aimed at the identification 
of the conditions (such as the temperature and pressure range) at which an 
exothermic reaction can take place in order to provide a first step in hazard 
assessment. In this sense the analysis of the secondary reactions is the 
focus. The main data that we can obtain by using screening calorimetry 
techniques (depending on the type of instrument employed) are the heat 
evolved by the sample and its rate, kinetics (normal or autocatalytic) and 
the pressure increase.  
The advantages are the possibility of many analyses in a short period of 
time and of testing a small amount of substance (which is useful when 
testing reaction intermediate or contaminants). 
In Table 2.2 the main characteristics of the most commonly employed 
screening apparatus are reported. In particular in this thesis, DSC and TSU 
have been regularly used to study polymerisation (Chapters 4 and 5) and 
hydrogen peroxide decomposition (Chapter 6) that will be described in 
detail in the next section. 
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Table 2.2: Comparison between Thermal Screening Calorimeters. 
Calorimeter Sample 
size 
Temperature 
Range (°C) 
Mode Stirring Date as a 
function 
of time 
Price 
(kEuro) 
DSC  
 Heat Flow 2-10 mg -50–700 Isothermal 
Ramp 
no T,q 
 
35 
 Power 
Compensations 
2-10 mg -50–700 Isothermal 
Ramp 
no T,q 
 
35 
Twin DTA  
TAM 0.5-2 g 20–80 Isothermal yes q 70 
C80 0.5-1.5 g 20–300 Isothermal 
Ramp 
yes* T,q,P 60 
Calorimeter Sample 
size 
Temperature 
Range (°C) 
Mode Stirring Date as a 
function 
of time 
Price 
(kEuro) 
IET   Ramp  T,ΔT  
Single DTA  
Carius tube 5-20 g 20–400 Ramp no T,ΔT,p  
DTP   Ramp  T,p  
Sikarex       
Radex 1-3 g 20–400 Ramp no T,ΔT  
Sedex 2-100 g 0–400 Isothermal 
Ramp 
Adiabatic 
yes T,ΔT,p 80 
TS
u
 1-8 g 0–500 Isothermal 
Ramp 
no T,ΔT,p 26 
*
: When mixing it is not possible to monitor pressure. 
2.5.1 Differential Scanning Calorimeter 
The Differential Scanning Calorimeter (DSC) is a particularly useful 
instrument to determine thermo-kinetic parameters of a reaction. 
As already mentioned, DSC can operate using either Heat Flow  or Power 
Compensation methods of measurement. 
In the former (Figure 2.1) the sample and the reference both receive heat 
from the same heating element (they are placed in the same oven). An 
isothermal or scanning test is performed and the temperature difference 
between them ΔT(t) is monitored and converted to the differential heat flow 
by the following Equation: 
)(tTKQdiff 

                                                                                   (2.5) 
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in which K is a calorimetric constant [J/s·K] and ΔT(t) changes during the 
test.  
 
Figure 2.1: Heat Flow DSC. 
In Power Compensation DSC (Figure 2.2) the sample and its reference are 
kept at the same temperature but they are placed in different ovens; the 
differential power necessary to maintain the same temperature is 
monitored. 
 
Figure 2.2: Power Compensation DSC. 
The profiles obtainable from a DSC run are the differential heat flow (in 
mW) against temperature when performing a scanning test or against time 
when performing an isothermal test. By integrating 
diffQ

 versus time it is 
possible to directly evaluate the heat evolved by the reaction; however in 
this calculation the choice of the correct base line is very important. 
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In the experiments described in Chapters 4 and 5 a Heat Flux DSC 
(commercialized by Mettler Toledo) has been used to evaluate the heat of 
reaction and the onset temperature (considered only as a screening datum, 
which can be validated by adiabatic tests run on the Accelerating Rate 
Calorimeter described in Section 2.6.3.1). 
2.5.2 Thermal Screening Unit TSu 
The Thermal Screening Unit is a pseudo-adiabatic and Non Differential 
Thermal Analysis instrument commercialized by HEL; the apparatus can be 
seen in Figure 2.3. 
 
Figure 2.3: Experimental apparatus (TS
u
): Photograph and schematic diagram. 
The sample is contained in a pressure test cell, suspended in the middle of 
an electric oven. The oven consists of a metal cylinder with a heating coil 
wrapped around the outer surface, which is heated at a user-defined rate. 
The sample holder is connected through a Swagelok T-fitting in order to 
allow the on-line monitoring of temperature and pressure. The oven is not 
pressurized and works as a physical barrier to contain a possible explosion; 
the instrument must be operated in a fume cupboard in order to contain any 
possible release of chemicals. 
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Sample holders have an approximate volume of 8 ml and the inlet neck can 
be either 1/4 inch or 1/8 inch. The latter guarantees a lower Phi Factor but 
the former are better when testing solid samples. The test cells can be 
made of metal (stainless steel,  titanium or hastelloy) or glass; and 
ultimately are the same as those used on the Accelerating Rate 
Calorimeter described later (Figure 2.4). 
 
Figure 2.4: Detail of the different types of TS
u
 sample holders. 
On performing a test the user controls the ramp rate (or multiple ramps, up 
to 10°C/min) of the oven. After an initial delay due to the thermal inertia of 
the sample, the temperature follows the oven ramp at the same rate with a 
slight offset (which will depend on the physical characteristics of the test 
material, such as the specific heat). When an exothermic or endothermic 
process is detected the sample temperature deviates from the background-
heating rate, thereby identifying the onset temperature. The rate of rise of 
sample temperature and the maximum value reached (before returning to 
the background-heating rate) reflect important characteristics of the hazard 
of the material tested. In addition to temperature data, the thermal 
screening unit is also equipped with a pressure transducer that records 
changes in sample pressure as the reaction proceeds. This is particularly 
useful since it provides a measure of the total pressure generated in the 
reaction and the rate of pressure rise. The pressure data also enables very 
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mild exothermic decomposition reactions which result in the production of 
non-condensable gas to be detected, even if the associated temperature 
rise is too low to be reliably detected [4].  
The instrument is designed to work at up to 500°C and 200 bar [5]. 
During the Ph. D., an external vessel was designed and coupled to the 
existing instrument, as shown in Figure 2.5. 
 
Figure 2.5: External Expansion vessel coupled to the TS
u
. 
The vessel has been designed to have an expansion volume about 20 
times larger than the standard configuration (the volume of the vessel is 
170 cc); this allows us to study pseudo-confined decompositions and also 
to pressurize the process and to study the influence of the presence of a 
particular chemical atmosphere. The main characteristics of the vessel are 
shown in Table 2.3. 
Table 2.3: Characteristics of the external vessel for the TS
u
. 
 
[mm] 
height 237 
internal diameter 24.3 
outsider diameter 50 
thickness 12.85 
inlet diameter 0.25 
material 316 SS L 
vessel volume [cc] 110 
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2.6 REACTION CALORIMETRY 
In recent years, reaction calorimetry has become a key technique in 
process safety assessment, scale up and process optimization. Kinetics 
and thermodynamics of the process, physiochemical properties of mixtures 
(i.e. reaction rate, heat flow, heat of reaction, overall heat transfer 
coefficient, specific heat capacity) and conditions for improving chemical 
selectivity and of course, process safety, can all be determined 
experimentally using this technique. As previously mentioned, reaction 
calorimeters are stirred and jacketed reactors, typically with a volume 
ranging from hundreds of milliliters to several liters. This apparatus can be 
run in batch, semi-batch and even in continuous mode.  
Let us analyse the energy balance on a stirred and jacketed reactor (Figure 
6): 

 cstirrlosstrasfchemacc QQQQQQ                                                        (2.6) 
where: 
- 
dt
dT
cQ pacc 

 is the heat flow accumulated in the system;                (2.7) 
-  Rchem HVrQ 

                                                                         (2.8) 
is the heat flow produced by the reaction, r is the reaction rate 
[mol/s·m3] and V is the volume of the reagents [m3]; 
-    outjinjjpjjtrasf TTcmTTSUQ ,,, 

 is the transferred heat 
flow between the reactor and the jacket;                                                   
(2.9) 
-    jaextloss TTSUQ 

                                                                        (2.10) 
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is the heat flow loss from the jacket to the surroundings, and   extSU   
are referred to the external wall of the vessel;                                                    
- NMQ dstirr 2

is the power developed by stirring (Md is the torque [Nm] 
and N is the agitation speed [1/s])                                                   (2.11) 
- 

cQ compensation heat flow. 
On the basis of the criterion explained in Section 2.3, some terms of 
Equation (2.6) can be considered zero or constant, and so depending on 
the principle of measurement applied, the balance can be solved. 
 
Figure 2.6: A stirred and jacketed batch reactor: the terms of energy balance. 
In Figure 2.7 a summary of the types of reaction calorimeters on the basis 
of Moritz classification is reported [6]. 
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Figure 2.7: Reaction calorimeters classification according to Moritz [6]. 
In Table 2.4 a comparison between the different operating modes used in 
reaction calorimetry is proposed. 
Table 2.4: Comparison between different reaction calorimeters and operating 
modes. 
Calorimeter 
type 
Operating Mode Advantages Disadvantages 
Adiabatic  
T is proportional to conversion 
(for a single reaction) 
 
Relatively small 
 
Fast reactions can be studied 
Reaction and its rate depends 
on T 
 
Separation of T and 
concentration effect is done by 
modelling 
 
Can be hazardous. Further 
experiments are required 
before. 
Isothermal Heat balance 
Useful if U and/or S change 
strongly and non-linearly during 
the reaction 
Tj has to be monitored accurately 
 
A feedback T control is required 
 
If some T changes are 
necessary (i.e. ramp heating) 
cp of chemicals and reactor 
inserts must be known 
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Heat flow or 
flux 
Useful if U and/or S do not 
change strongly and non-
linearly during the reaction 
U must be determined by  
calibration 
 
A feedback T control is required 
 
If some T changes are 
necessary (i.e. ramp heating) 
cp of chemicals and reactor 
inserts must be known 
Oscillating 
Temperature 
Useful if U and/or S change 
strongly and non-linearly during 
the reaction: U·S is determined 
on line during the process 
cp has to be calculated  
Power 
Compensation 
Faster response in T 
 
Calibration for UA is not 
necessary 
Not advised for viscous and 
heat sensitive materials (fouling 
is possible) 
 
UA can vary during the process 
so an interpolation of the base 
line before and after the 
reaction is required 
Isoperibolic  
Low cost 
 
Quasi-isothermal if U is high 
enough 
T depends on the heat release 
rate 
 
No emergency cooling in case 
of runaway 
  
2.6.1 Isothermal Calorimetry 
Isothermal calorimeters are the most commonly used, because scale-up of 
the results is very easy and the heat flow mode is the most similar to 
industrial conditions.  Reaction rate can be directly determined and the 
dependence of temperature and reagents concentration can be studied. 
The overall heat transfer coefficient and all the parameters related to the 
efficiency of the mixing and cooling systems can also be directly calculated. 
A typical isothermal profile is shown in Figure 2.8 [7]. 
 
Figure 2.8:Isothermal calorimeter temperature profile. 
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When working in Power Compensation mode, the reactor temperature is 
kept constant by a heating element placed inside the reactor. The heat 
evolved by the reaction is determined by measuring the temperature inside 
the reactor, the jacket temperature and the heat supplied by the heating 
element.   
To perform the energy balance isothermally it is necessary to consider 
constant 

trasfQ  and 

lossQ ; 

chemQ  is the difference between the initial 
compensation heat flow and the compensation heat flow at any time of the 
process: 

 ccchem QQQ
0
                                                                                             (2.12) 
The assumption of a constant 

trasfQ  implies that U·S is constant during the 
reaction, which is a very limiting condition when considering some 
processes (e.g. polymerisations 
When using the isothermal apparatus in Heat Flow mode, the temperature 
in the jacket is kept constant by controlling the mass flow of the fluid in the 
jacket; if the jacket inlet temperature is controlled the mode is Heat 
Balance. This is the same principle applied in industrial-scale reactors.  
Solving the energy balance for these two operating modes; 

chemQ  can be 
calculated by knowing 

lossQ  and 

stirrQ , which is often difficult. Let us 
consider Equation 2.6 before the reaction has started (t = 0): 
   


000000 stirrlossj QQTTSU                                                     (2.13) 
in which it is possible to replace: 
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
 losslossloss QQQ
0
                                                                                   (2.14) 

 stirrstirrstirr QQQ
0
.                                                                                (2.15) 
where 0

lossQ  and if 

lossQ changes between the beginning and the end 
of the reaction it can be determined by a choosing a base line when 
calculating the conversion. 

 stirrQ  can be written as follows: 
 NMMQ ddstirr 02 

                                                                             (2.16) 
in which Md
0 is the torque of the stirrer before the start of the reaction, and 
Equation 2.16 can be solved by measuring the change of Md with time (in 
no viscous systems, the contribution of the power developed by stirring is 
generally negligible). 
Taking these things into consideration, 

chemQ can be calculated, and 
therefore the conversion of the reaction can also be calculated by applying 
Equation 2.17: 
chem
t
chem
Q
Q
X


 0                                                                                            (2.17) 
where Qchem is the heat of reaction i.e. the last integration step of 

chemQ  
where conversion is 100%, which is related to the enthalpy of reaction by: 
molRchem nHQ                                                                                    (2.18) 
where nmol is the number of moles of reagent.  
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2.6.2 Isoperibolic Calorimetry 
Isoperibolic calorimeters are simple and able to obtain results very similar 
to isothermal calorimeters when the temperature increase in the reactor is 
less than 2 °C: under these conditions the reaction rate can be considered 
proportional to the heat flow. They are also quite small apparatus; data 
modeling is required to correct the effect of temperature on kinetic 
parameters when not operating in quasi-isothermal mode. The temperature 
profile of an isoperibolic calorimeter are shown in Figure  2.9 [7].  
This is the principle used in Chapter 3 to study the esterification of acetic 
anhydride and methanol catalysed by sufuric acid. 
 
Figure 2.9:Isoperibolic calorimeter temperature profile. 
The energy balance before the beginning of the reaction is: 
   


00000 stirrlossj QQTTSU                                                     (2.19) 
in which U·S, 

lossQ and 

stirrQ  can be considered constant in the 
experimental runs reported in this thesis. So the heat flow produced by the 
reaction can be written as follows: 
)( 0TTSU
dt
dT
cQ pchem 

.                                                             (2.20) 
Conversion can be calculated as explained in the previous section. 
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2.6.3 Adiabatic Calorimetry  
This calorimetric approach is fundamental in process safety studies 
because it allows the simulation on a laboratory scale of the behaviour of a 
reactor undergoing a runaway reaction, i.e. when the heat accumulation in 
the system is increasing and heat losses are negligible. This is what 
happens in a reactor if the cooling system fails, a situation that is very 
difficult to simulate because the natural cooling changes with scale: heat 
losses are proportional to surface area and to volume (per unit mass they 
change with the reciprocal of the radius of the vessel). The main 
disadvantage in this technique is, as in the isoperibolic approach, the 
requirement of mathematical models to evaluate the effect of temperature 
on kinetic parameters and so on reaction rate.  
Typically during an adiabatic exothermic reaction a sigmoid temperature 
profile is developed with time (Figure 2.10).   
 
Figure 2.10:Temperature profile with time for an adiabatic exothermic reaction. 
 
After an adiabatic test it is possible to define ΔTad, TMR, temperature and 
pressure rates, and onset temperature. 
The sensitivity of the instrument affects this data as well as the value of the 
Phi Factor. A range of different instruments such as several commercial 
Dewar Flasks (recommended for reaction with a moderate pressure 
increase), the VSP, the Phi Tec II, the APATAC, the RSST and the ARC, 
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are described below and used for the experimental analysis of the MMA 
polymerisation (Chapter 5).  
2.6.3.1 The Accelerating Rate Calorimeter 
The Accelerating Rate Calorimeter (ARC) was developed in the 1970’s with 
the aim of obtaining quantitative time-temperature-pressure information in 
order to allow safe operation, transport and storage of hazardous materials 
[8].  
The principle is that the sample is kept at the same temperature as its 
surroundings: if it emits heat energy (i.e. undergoes an exothermic 
reaction) its temperature rises and so must the temperature of the 
surroundings.  In this instrument, the temperature of the sample and the 
container is continually monitored. The sample is contained in a small 
bomb (Figure 2.4) and placed within the calorimeter where the temperature 
can be controlled by a feedback system. This detects temperature 
differences and adjusts power to surrounding heaters in order to keep the 
temperature difference between the calorimeter and the sample+container 
as close as possible to zero. Therefore the quality of an adiabatic 
instrument depends on its ability to minimise this temperature difference.  
Near-perfect adiabatic conditions are obtained in the ARC by having a 
calorimeter constructed with a thick copper jacket, which contains a series 
of heaters and thermocouples. On the outside of the sample container  is a 
thermocouple that measures the temperature of the sample+container. The 
signals are fed to a control system where the sample temperature is 
compared to the temperature of the three thermocouples in the calorimeter 
and any temperature difference is minimized by power supplied to the 
heaters (this is the feedback control). There are three separate temperature 
zones (3 heaters) and in operation the system keeps a uniform calorimeter 
temperature, which can be close to a difference of 0.01°C from the sample 
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temperature.  
Three different test modes are possible: Heat Wait and Search, isothermal, 
and ramp Heat Wait and Search. In the Heat Wait and Search mode (used 
in the tests explained in Chapters 4 and 5), the sample is heated until the 
start temperature set for the test. After this there is a seek (search) period 
where the system measures temperature variation or temperature drift in 
the system. If the temperature of the sample is not rising at a rate greater 
than the onset of exothermicity sensitivity, a small heat step is 
programmed. Subsequently there is another wait and then a seek period. 
This Heat Wait and Search procedure continues until during a seek period 
there is a temperature rise measured at the sample thermocouple which is 
above the chosen onset of the exothermicity sensitivity. At this point an 
exothermic reaction is detected and the system will force the calorimeter 
temperature to follow or track that of the sample as the temperature rises. 
Typically as the temperature rises, the reaction accelerates. Pressure is 
also measured on line and if gas is lost, the test cannot be considered 
adiabatic.   
No mixing or remote feeding is possible in this apparatus. Due to the size of 
the samples, larger scale experiments are needed to scale up results.  
As a consequence of the type of bombs used, the Phi Factor for the ARC is 
quite high (typically from 1.2 to 5). This prohibits the direct use of data 
obtained; they must be corrected by applying the following Equations: 
-  onsetendidealad TTT  ,                                                          (2.21) 
where Tend is the final temperature recorded for the reaction, is used 
to correct the thermodynamic data of the reaction; 
- 
measuredideal dt
dT
dt
dT












                                                        (2.22) 
is valid to correct the kinetics of a zero-order reaction; for higher 
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order reactions the correction is possible but complicated [9]. 
2.6.3.2 The Phi Tec II 
The Phi Tec II is an adiabatic calorimeter [11] completely computer 
controlled and features a range of high-pressure test cells, direct agitation 
stirring or magnetic stirring and pressure and temperature logging. Sample 
addition can be performed during an experiment, via an optional high-
pressure injection system.  
The experimental apparatus is composed by a stainless steel vessel (4 
liters volume) and its lid. Inside this vessel, the sample holder is placed 
(generally 110 ml volume).  
It is a low Phi Factor calorimeter (~1.05): by using the thin walled test cells 
shown in Figure 2.11  (wall thickness: 0.15 mm), which result in a low 
thermal mass of the cell relative to that of the test sample, Phi Tec II is able 
to achieve very similar Ф values to those of large scale plant.  
 
Figure 2.11: Detail of the different types of Phi Tec II sample holders. 
A disadvantage in using thin walled test cells is that they can only withstand 
pressure differentials of just a few bar. In order to prevent the test cell from 
rupturing when the sample pressure rises, nitrogen is admitted to the Phi 
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Tec II pressure chamber around the calorimeter assembly (pressure 
compensation system). As the reaction proceeds the rate of this 
pressurisation is controlled so that only a small pressure differential is 
allowed to develop across the test cell wall. A consequence of these design 
features is that it is possible to test exothermic runaway reactions under 
essentially adiabatic conditions and to apply results from Phi Tec II directly 
to large-scale equipment.  
The Phi Tec II can work in isothermal, scanning and “heat-wait-search” 
mode. The sample holder is surrounded by a resistance (to bring the 
sample to test temperature) and three heating elements aimed at the 
maintaining of the adiabaticity of the system (see scheme in Figure 2.12): 
they are controlled by a PID based on the sample thermocouple data 
logged (in order to maintain sample temperature as close as possible to the 
surrounding temperature).  
 
Figure 2.12: Phi Tec II scheme. 
This calorimeter can work in closed cell and open cell mode, by coupling 
and external vessel for containment of the products of the reaction. A 
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picture of the apparatus is reported in Figure 2.13. 
 
Figure 2.12: A picture of the experimental apparatus Phi Tec II. 
The instrument can work in a range of temperature going from 0 to 500 °C 
and in a range of pressure up to 138 bar. The exotherm detection starts 
when the rate of temperature is greater than 0.02° C / min, which means 
that the instrument is very sensitive. 
The main uses of the Phi Tec II adiabatic calorimeter is to study runaway 
chemical reactions and to perform vent sizing experiments. If the materials 
being tested are viscous then the effectiveness of the magnetic stirrer may 
be reduced. This may result in nonhomogeneous temperature distribution 
in the test cell. In such situations, better mixing can be provided using a 
directly agitated test cell with integral anchor stirrer. 
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SYMBOLS 

cQ  compensation heat flow, [W] 
diffQ

 differential heat flow, [W] 

lossQ  heat flow loss from the jacket to the surroundings, [W]         

chemQ  heat flow produced by the reaction, [W] 

MAXRQ ,  maximum power release, [W] 

Q  power evolved by the sample, [W] 

RQ  power release, [W] 

trasfQ  transferred heat flow between the reactor and the jacket, [W]                          
cP specific heat capacity of the reaction mixture, [J/K·kg] 
cp,c specific heat capacity of the sample holder, [J/K·kg] 
cP,j specific heat capacity of the fluid in the jacket of the reactor, [J/K·kg] 
cp,s specific heat capacity of the sample, [J/K·kg] 

accQ heat flow accumulated in the system, [W] 
K calorimetric constant, [J/s·K] 
m sample mass, [kg] 

jm
mass flow in the jacket of a reactor, [kg/s] 
mc sample holder mass, [kg] 
Md torque of the stirrer, [Nm] 
ms sample mass, [kg] 
MTSR Maximum Temperature attainable by Synthesis Reaction, [K] or [°C] 
N agitator speed, [1/s] 
nmol number of moles of reagent, [mol] 

stirrQ power developed by stirring, [W] 
Qchem heat of reaction, [J] 
QR evolved heat, [J] 
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r reaction rate, [mol/s·m
3
]  
S external surface area per unit of volume, [m
2
/m
3
] 
SADT Self Accelerating Decomposition Temperature, [K] or [°C] 
T process temperature, [K] or [°C] 
Ta ambient temperature, [K] or [°C] 
Tj,in inlet jacket temperature, [K] or [°C] 
Tj,out outlet jacket temperature, [K] or [°C] 
TMRad Time to Maximum Rate, [s] 
Tonset onset temperature (or decomposition temperature), [K] or [°C] 
U overall heat transfer coefficient, [J/m
2
·s·K] 
V volume of the reagents, [m
3
] 
X conversion, [-] 
Ф Phi Factor, [-] 
ΔHR  enthalpy of reaction, [J/mol] 
ΔTad adiabatic temperature increase, [K] or [°C]  
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3. COMPARISON OF CRITERIA FOR PREDICTION OF RUNAWAY 
REACTIONS IN THE SULFURIC ACID CATALYSED 
ESTERIFICATION OF ACETIC ANHYDRIDE AND METHANOL 
 
In many cases, incidents due to runaway reaction have been generated 
because of inadequate prevision for heat removal when increasing plant 
size from laboratory scale to production scale. Indeed, it has been 
remarked that in many cases the exothermicity of a process is 
underestimated when conducted on a laboratory scale [1]. The aim of this 
Chapter is the application of thermal runaway criteria (described in Section 
1.2) in order to predict the onset of the runaway phenomena for the 
esterification of acetic anhydride and methanol catalysed by sulfuric acid 
tested in isoperibolic conditions.  
An isoperibolic calorimeter has also been used to obtain thermodynamic, 
kinetic and physical chemistry data necessary to develop a model for the 
reaction. Some runaway criteria applied require a model for the process, so 
a model for the analysed system has been developed.  
The various runaway criteria have been applied to the experimental and 
simulated data and the results obtained have been compared. 
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3.1 EXPERIMENTAL APPARATUS AND PROCEDURES 
In order to experimentally investigate the thermal runaway in the 
esterification of acetic anhydride and methanol, catalysed by sulfuric acid, a 
simple calorimeter has been assembled from readily available components. 
A schematic diagram is shown in Figure 3.1. 
 
Figure 3.1: Schematic diagram of the calorimeter used, its interfaces and gauges. 
 
The experiments were carried out using a jacketed, stirred glass 
calorimeter, in batch isoperibolic conditions [2]. The glass reactor is fitted 
with a stirrer, a platinum (Pt-100) resistance thermometer and a 25 ohm 
resistance heater. Platinum resistance thermometers are also located at 
the entrance and exit of the reactor jacket and also in the bath of the 
circulating thermostat, which is used to circulate the heating/cooling fluid. 
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The platinum resistance thermometers are connected via a scanner card to 
a multimeter. The reactor heater is connected to a programmable power 
supply which can also measure the current and voltage at its output. Both 
the multimeter and power supply are interfaced to a personal computer via 
a GPIB interface.  
The set temperature of the jacket ranged from 5 to 20 °C. Most of the 
experiments were performed by adding acetic anhydride very quickly to a 
solution of H2SO4 in methanol, both at the same temperature as the jacket. 
In order to reach as near as possible the same temperature as the 
methanol in the calorimeter, the stoppered conical flask filled with a 
weighed quantity of pure acetic anhydride (99%wt purity) was placed in the 
bath of the thermostat.  
When the calorimeter had reached a steady state (as indicated by the near 
constant value of the smoothed reactor temperature and small value of its 
rate of change) the determination of the average value of the temperature 
of the reactor (T0) was started and continued for 10 – 15 min. Next, the 
heater power was switched on in order to have a temperature rise in the 
reactor of 1°C (corresponding to 5 W of applied power to the heater). In 
the determination of U∙S and cP, 100 points were used (where cP is the heat 
capacity of the calorimeter contents including inserts). After about 10 – 15 
min the power to the resistor was switched off and as before 100 points 
were used to determine U∙S and cP. The values of U∙S and cP used in the 
on-line determinations of heat flow and heat evolved by the reaction were 
averages of the values calculated when the power to the resistor was 
switched both on and off. 
After the calibration and the calorimeter had once again returned to a 
steady state, the flask of acetic anhydride was removed from the 
thermostat, its outside was wiped dry and the acetic anhydride was poured 
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quickly into the calorimeter. The flask and stopper were reweighed and the 
mass of the chemical added to the calorimeter was determined by 
difference. 
After the reaction was complete a second calibration was made. The values 
of U∙S and cP before and after the reaction are similar because of the small 
quantity of acetic anhydride with respect to methanol.  
3.2 THE MODEL OF THE ESTERIFICATION REACTION AND THE  
EXPERIMENTAL DETERMINATION OF THERMODYNAMICS AND 
KINETICS  
The esterification of acetic anhydride (OAc2) and methanol (MeOH), 
catalysed by sulfuric acid (H2SO4) to give methyl acetate (MeOAc) and 
acetic acid (HOAc), as in Equation (3.1): 
 
OAc2 + MeOH  =>  MeOAc + HOAc                               (3.1) 
 
This is a relatively safe reaction for studying thermal runaway in the 
laboratory, and because of the modest reaction enthalpy and low activation 
energy, this esterification provides a severe test of the runaway criteria.  
In accordance with comprehensive previous kinetics studies [3, 4], the side 
esterification reaction of acetic acid with methanol to give methyl acetate 
and water  
 
HOAc + MeOH  <=>  MeOAc + H20             (3.2) 
 
has been neglected here because its heat of reaction is not significative in 
comparison to that of the main reaction. The reaction is also rather slow in 
the conditions considered: Ronnback et al. [5] showed an increase of the 
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reaction rate as a function of temperature and amount of catalyst, but the 
reaction is still slow (3 h of total reaction time for concentration of catalyst in 
our experimental range). Our reactions developed in 0.5 h maximum, with 
the same temperature ranges and catalyst amount. A specific study 
involving H2SO4 as an homogeneous catalyst for this reaction was carried 
out by Liu et al. [6]. In this paper the authors pointed out that the water 
produced by the reaction progressively deactivates the catalyst. 
Furthermore, they stated that the possible autocatalytic behaviour of the 
acetic acid itself can be neglected under their experimental conditions 
(similar to ours). For these reasons the side esterification reaction can be 
neglected in this work. 
Since some of the criteria for runaway applied in this work require a model, 
the acid catalysed esterification of acetic anhydride and methanol has been 
modelled in isoperibolic conditions. 
The model developed here involves the integration of the simultaneous 
differential Equations for the conversion X and the reactor temperature T 
derived from the mass balance 
 Xk
dt
dX
 1                                          (3.1) 
expressed here for first order reaction kinetics, and the energy balance for 
the isoperibolic system  
   jRiOAcPAcO TTSU
dt
dX
Hn
dt
dT
cm 
22
                             (3.2) 
where the conversion is defined by: 
i
AcO
AcO
i
AcO
n
tnn
X
2
22
)(

                                                                         (3.3)           (3) 
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in which nAcO2
i refers to the initial quantity of acetic anhydride. 
The system of differential Equations 3.1 and 3.2 were integrated using a 
fourth order Runge-Kutta procedure [7]. 
A series of experimental runs was carried out in isoperibolic conditions: the 
effect of the concentration of the catalyst and of the jacket temperature 
were evaluated in order to obtain a parametric analysis of the effect of 
these variables on the course of the reaction. 
Figure 3.2 shows the temperature profiles (solid curves) for the reaction of 
0.8 mol OAc2 and 7.0 mol of MeOH with different concentrations of H2SO4 
carried out in an isoperibolic mode with a jacket temperature of 5.3°C. The 
dashed curves show the predictions of a model which was developed to 
describe the reaction.  
 
Figure 3.2:  Effect of the H2SO4 concentration on the Temperature vs. time profiles 
for the esterification of OAc2 with MeOH (Tj=5°C). [H2SO4] (in mol/m
3
) :  (a) 16, (b) 
29, (c) 45, (d) 52, (e) 81 and (f) 100. Solid curves : experimental data ; dashed 
curves : model predictions. 
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As the concentration of H2SO4 is increased the system passes from a 
temperature rise of 12°C in 10 min to one of 45°C in 2.5 min. There is a 
notable difference between curve (a) which shows stable behaviour and 
curve (f) which is characteristic of thermal runaway. Curve (a) has a 
concave shape with respect to the t axis while a significant part of curve (f) 
is convex with respect to this axis. Curves (c) and (d) are intermediate 
between these extremes, and the critical concentration of  H2SO4, marking 
the boundary between stable and runaway behaviour would be expected to 
occur in this region.  
Figure 3.3 shows the results of experiments made with the same quantities 
of OAc2 and MeOH, but with a concentration of H2SO4 of 30 mol m-3, in 
which the jacket temperature Tj was varied. 
 
Figure 3.3: Effect of the jacket temperature on the Temperature vs. time profiles for 
the esterification of OAc2 with MeOH ([H2SO4] = 30 mol/m
3
). Tj (°C) : (a) 5.4, (b) 
10.3, (c) 12.7, (d) 15.1 and (e) 20.0.  Solid curves experimental, dashed curves 
model predictions. 
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Curve (a) shows stable and curve (e) runaway behaviour with the boundary 
between the two occurring with Tj of 10-13°C.  
The initial temperature of the reaction mixtures shown in Figures 3.2 and 
3.3 is ≈ 3°C below the jacket temperature because of the endothermic 
enthalpy of mixing of OAc2 with MeOH, ΔHMIX, which was estimated as 5 
kJ/mol; the reaction enthalpy ΔHR was determined as -65 kJ/mol. The 
experiments were made with a large excess of MeOH and so pseudo-first 
order kinetics with respect to OAc2 were assumed. There are two reaction 
channels due to the uncatalysed and the catalysed reactions and their 
relative importance for the experimental conditions used here has been 
determined. The variation of the pseudo-first order constant k with [H2SO4] 
was determined by operating the calorimeter quasi-isothermally i.e. with a 
maximum temperature rise of < 1°C. The reaction rate constant was 
obtained by fitting the T vs. t profiles to that for a first-order reaction with an 
enthalpy of mixing [8]. 
The contribution of the uncatalysed reactions in comparison to the 
catalysed one has also been evaluated. It has been observed that if 
equimolar quantities of OAc2 and MeOH are mixed and placed in an ice-
bath, self-heating takes place [9]. This indicates that the onset temperature 
for the reaction is lower than that often reported in literature, e.g. 18°C [10]. 
In our laboratory an attempt to measure the rate constant k0 of the 
uncatalysed reaction was made using a homemade Dewar calorimeter. The 
calorimeter was filled with MeOH at the desired temperature and left to 
attain a steady state. OAc2, at the temperature of the calorimeter contents, 
was quickly added. After a sharp decrease in the temperature due to the 
endothermic mixing the temperature immediately started to increase 
linearly with time at a rate greater than that before the mixing. After 
correcting the rate of temperature increase for the imperfect thermal 
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insulation of the calorimeter, the rate of heat accumulation was equated to 
the chemical heat flow: 
 
oR
i
OAc
corr
P kHn
dt
dT
C 






2
              (3.4) 
 
where Cp is the heat capacity of the calorimeter contents (stirrer, 
thermoresistance, power compensation resistance) estimated as 800 J/K 
and the rate of reaction  is expressed in terms of the conversion defined as 
in Equation 3.3. 
The values of k0 obtained in this way are shown as the first row of Table 
3.1. They are not sufficiently precise to determine the parameters of the 
Arrhenius Equation for the uncatalysed reaction. The results of a number of 
determinations of these parameters have been summarized by Duh et al. 
[10] and the average activation energy is 71.47 kJ/mol. This result was 
used with the value of the rate constant at 298 K to determine the 
temperature dependence of the rate constant for the uncatalysed reaction 
expressed in the form: 





 
T
b
ak ooo exp                                                                                          (3.5)  
as 
 
T
ko
859601.18exp  .                                                                                 (3.6)
        
The measured values of k are given in Table 3.1 and shown in Figure 3.4. 
Figure 3.4 shows that k varies linearly with H2SO4 concentration as 
predicted by theories of esterification [11]. 
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Table 3.1: Measured values of the pseudo-first order reaction constant k0 and the 
residuals Δ1 and Δ2 for global fits to the experimental data. 
283 K 298 K 313 K 
[H2SO4] 
[mol/m
3
] 
10
3
 
[1/s] 
[H2SO4] 
[mol/m
3
] 
10
3
 
[1/s]             
[H2SO4] 
[mol/m
3
] 
10
3
 
[1/s]                
 k ∆1 ∆2  k ∆1 ∆2  k ∆1 ∆2 
0.0 0.006 0.00  0.0 0.02 -0.00  0.0 0.06 0.03  
2.8 0.29 0.12 0.13 1.3 0.27 0.03 0.05 1.4 0.80 0.09 0.18 
5.1 0.30 0.00 0.01 2.4 0.58 0.16 0.18 2.9 1.69 0.33 0.41 
9.9 0.72 0.16 0.16 3.8 1.00 0.31 0.33 4.0 2.47 0.63 0.70 
14.6 0.97 0.14 0.14 5.0 1.34 0.49 0.51 20.5 9.61 0.52 0.55 
20.2 1.60 0.45 0.45 8.0 1.97 0.62 0.62 42.3 18.50 -0.17 -0.19 
40.0 2.64 0.37 0.37 20.0 3.96 0.61 0.61     
60.3 3.70 0.27 0.28 42.9 7.11 -0.04 -0.04     
79.6 4.60 0.08 0.08 59.7 9.77 -0.17 -0.17     
    79.7 12.70 -0.57 -0.57     
 
Figure 3.4 : Linear variation of k with [H2SO4] for the sulfuric acid catalysed 
esterification of OAc2 and MeOH: a) 283 K, b)298 K, c)313 K. 
The values of k0 reported in Table 3.1 indicate that the contribution from the 
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uncatalysed reaction is very small in comparison with the catalysed 
reaction. Two global fits have been made to determine the dependence of 
the pseudo-first order reaction constant on T and [H2SO4]. In the first the 
contribution from k0 was fixed at that given by Equation 3.5 giving  
 
     42605159.11exp859601.18exp SOHTTk                                (3.6)
  
In the second fit the contribution from the uncatalysed reaction was fixed at 
zero, with the result  
 
   42609666.11exp SOHTk                                    (3.7) 
 
The similarity of the values of the kinetic parameter a1 and b1, of  the 
catalysed reaction rate in Equations 3.6, 3.7 and of the residuals Δ1, Δ2 
listed in Table 3.1 indicate that the contribution from the uncatalysed 
reaction is very small and can be neglected in the model. 
3.3 RESULTS OF THE THERMAL RUNAWAY CRITERIA APPLICATION 
In explaining the results, the sensitivity based (and on-line) criteria will be 
considered first because they directly use temperature and time as 
variables. 
For the data of Figure 3.2, the values of the parameters defined in Section 
1.2 have been calculated:   is 22.1,   is 1.4 (with average values of U∙S of 
4.3 W/K, CP of 880 J/K,  for a quantity of [H2SO4] of 50 mol/m
3) and B is 4.7.  
Table 3.2 shows the results of the application of the Hub and Jones (HJ) 
and Strozzi and Zaldívar (SZ) criteria to the experimental and model data of 
Figure 3.2. Table 3.3 shows the results of the same criteria applied to the 
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data of Figure 3.3. These Tables also include data for the Bowes-Thomas 
(BT) criterion. The Golay-Savitzky algorithm has been used to calculate the 
second derivative of temperature with respect to time for the application of 
HJ criteria [12]. In both cases the agreement between the experimental and 
model results may be considered to be satisfactory.  
Table 3.2: Application of the Hub and Jones (HJ), Bowes and Thomas (BT) and 
Strozzi and Zaldívar (SZ) criteria for thermal runaway to the data of Figure 3.2. 
 HJ SZ BT 
[H2SO4] 
[mol/m
3
] MAX
dt
Td







2
2
510  
[K/s] 
 MAXdiv
410  
[1/s] 
 MAXV
410  
MAX
d
d






2
2

  
 Exp. Mod. Mod. Exp. Mod. Exp. Mod. 
(a) 16      -27 -27 
(b) 29 -6 -5 1 -4 -5 -1 -7 
(c) 45 8 20 37 20 40 5 11 
(d) 52 20 48 52 40 100 8 20 
(e) 81 300 290 120 840 1300 30 50 
(f) 100 400 640 170 1700 2800 32 63 
 
Table 3.3: Application of the Hub and Jones (HJ), Bowes and Thomas (BT) and 
Strozzi and Zaldívar (SZ) criteria for thermal runaway to the data of Figure 3.3. 
 HJ SZ BT 
Tj 
[°C] 
 
MAX
dt
Td







2
2
510  
[K/s] 
 MAXdiv
410  
[1/s] 
 MAXV
410  
MAX
d
d






2
2

  
 Exp. Mod. Mod. Exp. Mod. Exp. Mod. 
(a) 5.4 -2 -5 -2 -2 -5 -1 -6 
(b) 10.3 6 10 23 5 110 1 6 
(c) 12.7 30 44 46 73 120 11 20 
(d) 15.1 93 100 67 230 370 19 28 
(e) 20.0 300 260 100 1500 1200 32 31 
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Geometry-based criteria were also applied to the same set of experimental 
results. 
To apply the Semenov (S) criterion Equation 1.9 has been used to 
calculate    and then Equation 1.10 to calculate   . Equation 1.7  was then 
used with  =   to calculate   (  ) and finally Equation 3.7 was used to 
calculate the critical value of sulfuric acid concentration [H2SO4]c. The 
results of these calculations are shown in Table 3.4.  
Table 3.4: Summary of the calculations used to calculate [H2SO4]c for the data of 
Figure 3.2 for the Semenov criterion. 
T
i
 
[K] 
γ 
Tj 
[K] 
ϴj ϴc ψ
S
c 
 ciTk310  
[1/s] 
[H2SO4]c 
[mol/m
3
] 
275.2 22.0 278.5 0.240 1.368 0.311 0.336 11.0 
 
The value of [H2SO4]c is much lower than that indicated by the HJ and SZ 
criteria. Table 3.5 shows the results of similar calculations for the data of 
Figure 3.3. 
Table 3.5: Summary of the calculations used to calculate the critical temperature 
(Tc) for the data of Figure 3.3. 
T
i
 
[K] 
γ ψ 
Tj 
[K] 
ϴj ϴc 
Tc 
[K] 
ψ
S
c 
275.3 22.04 0.869 278.6 0.259 1.389 292.7 0.311 
279.6 21.70 1.186 283.4 0.293 1.429 298.1 0.297 
281.9 21.52 1.533 285.9 0.299 1.437 300.8 0.296 
284.5 21.33 1.886 288.3 0.283 1.421 303.5 0.300 
289.4 21.0 2.539 293.2 0.272 1.412 308.9 0.304 
 
The HJ and SZ criteria indicate that the critical temperature should be 280-
282 K while the S criterion predicts somewhat larger values.  
The transformations  →  and  →  are linear and the BT criterion would 
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therefore be expected to give results similar to those of the HJ criterion. 
The transformation of Figure 3.2 to the ϴ−  plane is shown in Figure 3.5 
and the maximum values of (d2T/dt2) are given in Table 3.2. 
 
Figure 3.5: ϴ vs.   plot for the experimental data in Figure 3.2. The dashed curves 
show the model predictions for curves (a) and (f). 
The  transformation to apply the Adler and Enig (AE) criterion has 
been made by integrating the Equation for the chemical heat flow and 
dividing the result by the enthalpy of reaction 
 
    








 
 t
jjPi
OAcR
t
chem
dtTTSUTTC
nH
dtQ
X
0
0
2
                               (3.8)
                             
The integral in Equation 3.8 has been evaluated numerically. 
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The transformation of the data of Figure 3.2 to the  is shown in Figure 
3.6. It can be seen that the AE criterion does not predict thermal runaway 
as 
2
2
dX
d   never becomes positive. 
 
Figure 3.6: ϴ vs. X plot for the experimental data in Figure 3.2. The dashed curves 
show the model predictions for curves (a) and (f). 
Tables 3.6 and 3.7 show the application of the Barkelew (Bw) and the van 
Welsenaere and Froment (VF) criteria to the data of Figures 3.2 and 3.3. 
The final column of Table 3.6 gives the critical sulfuric acid concentration 
for the data of Figure 3.2 obtained by interpolation and the last column of 
Table 3.7 gives the critical jacket temperature for the data of Figure 3.3 
obtained by extrapolation. In both cases there is a significant improvement 
over the S criterion.  
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Table 3.6: Application of the Barkelew (Bw) and the van Welsenaere and Froment 
(VF) criteria to the experimental and model data of Figure 3.2. 
  (a) (b) (c) (d) (e) (f) 
[H2SO4]c 
[mol/m
3
] 
[H2SO4] 
[mol/m
3
] 
 16 29 45 52 81 100  
 
2
max1
j
j
T
TTb 
 
Exp. 0.67 1.18 1.79 2.03 3.10 3.24 24 
Mod. 0.64 1.28 2.03 2.28 2.95 3.24 23 
 
2
max
max1
T
TTb j  
Exp. 0.63 1.06 1.41 1.70 2.37 2.46 28 
Mod. 0.61 1.15 1.70 1.87 2.29 2.45 25 
 
Table 3.7: Application of the Barkelew (Bw) and van Welsenaere and Froment (VF) 
criteria to the experimental and model data of Figure 3.3. 
  (a) (b) (c) (d) (e) 
(Tj)c 
[K] 
Tj 
[K] 
 278.6 283.4 285.9 288.3 293.2  
 
2
max1
j
j
T
TTb 
 
Exp. 1.36 1.53 2.10 2.41 2.79 275.4 
Mod. 1.31 1.77 2.15 2.39 2.64 275.8 
 
2
max
max1
T
TTb j
 
Exp. 1.21 1.31 1.74 1.94 2.16 276.4 
Mod. 1.17 1.51 1.77 1.93 2.07 277.2 
As Table 3.8 shows for the application of the VF criterion, the value of the 
critical sulfuric acid concentration for the data of Figure 3.2 is similar to 
those given in Table 3.7. 
The critical dimensionless temperatures for the data of Figure 3.3 are still 
given by Equation 1.9 and there is therefore no improvement over the S 
criterion in this case. 
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Table 3.8: Summary of the calculations used to calculate [H2SO4]c for the data of 
Figure 3.2 for the van Welsenaere and Froment (VF) criterion as formulated in [12]. 
T
i
 
[K] 
γ 
Tj 
[K] 
ϴj ϴc Ψ
VF
c 
 ciTk310  
[1/s] 
[H2SO4]c 
[mol/m
3
] 
275.2 22.0 278.5 0.240 1.368 0.695 0.717 23 
3.4 RESULTS OF THE MORBIDELLI AND VARMA CRITERION 
APPLICATION 
The Morbidelli-Varma [12] parametric sensitivity criterion (MV) is discussed 
separately because the experimental procedure used was different to the 
tests considered before.  
As it has been pointed out that the application of this criterion for low values 
of the dimensionless heat of reaction and Arrhenius number is not 
straightforward [12], we decided to add the anhydride into the reactor 
containing just methanol (both at the same temperature, as described in 
Section 3.1) and to add the catalyst (also at the same temperature) when 
the endothermic effect of the enthalpy of mixing was finished and so the 
temperature in the reactor was back to the set point for the test. In this way 
it is possible to clearly distinguish the effect of the reaction on the  
temperature profile.  
Eight new experimental runs in which the temperature of the jacket was 
changed, were carried out in the isoperibolic reactor shown in Figure 3.1:  
30 mol/m3 of H2SO4 was added to the mixture in the reactor containing 0.8 
mol of AOc2 and 7.0 mol of MeOH. The jacket temperature ranged between 
-2.0 °C and 20.0 °C with the aim of studying the sensitivity of the maximum 
of temperature to this parameter. In particular the normalized sensitivity (as 
described in Equation 1.22) analysed was expressed as a function of the 
local sensitivity s: 
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);();( max
max
max
max
max j
j
j
j
j TTs
T
T
T
T
T
T
TTS 


                                            (3.9) 
The criterion was applied to experimental and model data and the results 
were compared. In Table 3.9  the main results are reported.   
Table 3.9: Summary of the results of the Tmax vs. Tj  for experimental and model 
data. 
Tj 
[K] 
Tmax 
[K] (Experimental) 
Tmax 
[K] (Model) 
270.90 282.13 280.49 
273.45 286.12 285.71 
278.31 294.88 297.31 
280.77 303.57 303.80 
283.23 307.56 310.34 
285.63 316.69 316.55 
288.10 323.75 322.56 
293.02 334.69 333.30 
Figure 3.7 shows the data summarized in Table 3.9. 
 
Figure 3.7: Tmax vs. Tj  for experimental (1) and model (2) data. 
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In Figure 3.8 the effect of jacket temperature on the temperature of the 
reactor is shown.  
 
Figure 3.8: Effect of the jacket temperature on the Temperature vs. time profiles for 
the esterification of OAc2 with MeOH ([H2SO4] = 30 mol/m
3
.
 
Tj (°C) : (a) -2.25, (b) 
0.3, (c) 5.16, (d) 7.62, (e) 10.07, (f)12.48, (g) 14.94 and (h)19.87.Solid curves 
experimental, dashed curves model predictions. 
The criterion states that the critical region for runaway occurs where the 
normalized sensitivity of maximum temperature is itself at maximum 
absolute value.  
Figure 3.9 shows the local and normalized sensitivity for experimental and 
Figure 3.10 for model data.  
The experimental data have been fitted with a non linear regression 
procedure (a sigmoidal function with four parameters) and the calculations 
to determine the Local Sensitivity have been made analytically.  
The calculations of the Local Sensitivity for the model data have been 
operated numerically (according to Equation 1.20) because the model has 
been run every 0.5 K increments of Tj.  
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Figure 3.9: Local and Normalised Sensitivity according  to Morbidelli and Varma 
criterion for the experimental data. 
 
Figure 3.10: Local and Normalised Sensitivity according  to Morbidelli and Varma 
criterion for the model data. 
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The sign of the sensitivity has a meaning: as it is positive, this indicates that 
the temperature maximum increases as the jacket temperature increases, 
i.e. the transition to runaway occurs when the parameter increases. 
The results of the application of the MV criterion are reported in Table 3.10; 
in this case there is also good agreement between its application to the 
experimental and model data. 
Table 3.10: Summary of the results of the application of Morbidelli and Varma 
criterion for experimental and model data of Figure 3.7. 
 (Tj)c 
[K] 
(Experimental) 
(Tj)c 
[K] 
(Model) 
Local 
Sensitivity 
284.12 281.65 
Normalised  
Sensitivity 
283.61 280.77 
 
3.5 CONCLUSIONS 
In this Chapter, various runaway criteria, geometric and sensitivity based, 
have been applied and compared to study the boundaries of runaway 
behaviour for the acid catalysed esterification of acetic anhydride and 
methanol. 
Because of the modest reaction enthalpy and low activation energy the 
data provide a severe test to the runaway criteria with respect to more 
reactive systems. 
Starting from geometric-based criteria, the S criterion performs relatively 
poorly. This can in part be explained because it does not take into account 
reactant consumption. For this reason, alternative criteria that consider the 
reactant consumption have been applied in this study. The Bw and VF 
criteria appear to give a substantial improvement over the S criterion. The 
AE criterion does not predict runaway for this reaction. Its breakdown for 
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low values of the dimensionless heat of reaction is implicit for low values of 
the Arrhenius number and the dimensionless heat of reaction parameter 
[12]. The reasonable performance of the Bw and VF criteria is surprising 
because both are derived using trajectories in the ϴ vs. X plane and would 
therefore seem to be in contradiction with the AE criterion. The Bw and VF 
criteria use a value of ϴc = 1 for the critical dimensionless temperature, and 
this would appear to be reasonable in this case. The VF criterion as 
formulated by van Welsenaere and Froment [12] appears to work better 
than that formulated by Varma et al. [11]. 
An obvious limitation of the use of geometric criteria is that they can be 
applied only to reacting systems where a temperature profile exists. In 
additions these criteria do not give any measure of the extent or the 
intensity of runaway.   
The sensitivity-based criteria allow us to overcome these limitations. An 
additional advantage of the sensitivity-based criteria is the possibility of 
their use on-line. 
The HJ and SZ on-line criteria account reasonably well for the thermal 
runaway in the considered reaction. 
The BT and HJ criteria are shown to be closely related and the BT criterion 
also performs reasonably well. 
An advantage of the SZ criterion over existing criteria is that it is possible to 
reconstruct, using non-linear time series analysis techniques, the 
divergence of the system from temperature measurements without the 
necessity to have a model of the process. Hence, all the results and 
conclusions obtained from an off-line analysis may be extended and 
applied on-line to develop a general early warning detection device, based 
on a robust criterion.  
The MV parametric sensitivity criterion has been discussed separately 
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because the experimental procedure used was different with respect to the 
tests considered before: adding the catalyst to the solution of acetic 
anhydride and methanol made it possible to keep the effect of the 
endothermic enthalpy of mixing separate from the effect of the reaction on 
the temperature profile. The results of the application of the MV criterion 
showed good agreement between the application to the experimental and 
to the model data, as the critical jacket temperature result was nearly the 
same. The sign of the sensitivity has a meaning: as it is positive, this 
indicates that the temperature maximum increases as the jacket 
temperature increases, i.e. the transition to runaway occurs when the 
parameter increases. 
A further development of this work, which is still in progress, is the 
integration between the calorimetric and the spectrophotometric techniques 
and the application of an Early Warning Detection System (EDWS) based 
on divergence criterion to spectrophotometric signals in order to check if 
this method of monitoring high reactive processes could lead to a greater 
advance in the detection of the thermal explosion with respect to 
temperature monitoring. This would be an innovative aspect in this field. 
The catalysed esterification of acetic anhydride and methanol is suitable to 
this application because of the characteristic UV spectra of the reagents 
and products.  
Up to now the results are that the EWDS does not give a good result in the 
detection of the onset when applied to Absorbance signal: it is not possible 
to define a ΔVLIM and the profile of ΔV does not show a peak when adding 
the catalyst. This makes the analysis not reliable and subject to false 
alarms, so this monitoring cannot be used for process safety purpose. On 
the other hand, the application of the method to the Intensity signal seems 
to give some interesting results. The algorithm seems to be able to detect 
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the runaway start nearly one minute before the maximum of temperature is 
developed, and so with a comparable advance with respect to the 
application to temperature signal.  
As this is an innovative aspect it need to be experimentally deepen and 
analysed even further, but this monitoring could be used at the same time 
than temperature monitoring, in order to improve the efficiency of the 
system in detecting  runaway reaction decreasing the possibilities of false 
alarms, as the Intensity signal of the spectrophotometer is not influenced by 
temperature changes in the system. The method could be very useful if 
applied to those processes in which the accumulation of a reaction 
intermediate, that develops no temperature increase in the system, could 
lead to thermal explosion by starting a secondary reaction: in this case the 
EWDS working on Intensity signal could detected the runaway at a very 
early study, when the temperature in the system could still be kept under 
control by some protective measure activated after the alarm.  
 
NOTE 
Some of the results shown in this Chapter have been published in the 
paper titled (see Annex I for the abstract): 
Casson V., Lister D. G., Milazzo M. F., Maschio G. (2011), 
Comparison of criteria for prediction of runaway reactions in the 
sulphuric acid catalyzed esterification of acetic anhydride and 
methanol, Journal of Loss Prevention in the Process Industries, 
Volume 25, Issue 1, Pages 209–217. 
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SYMBOLS 
LIMV  phase-space volume threshold value, [-] 
)(tV  variation of phase-space volume with time, [-] 
[H2SO4] catalyst concentration, [mol/m
3
] 
a0 kinetic parameters of un catalysed reaction, [-] 
a1 kinetic parameters of catalysed reaction, [-] 
Aλ  absorbance of the transmitted light, [-] 
B dimensionless heat of reaction or adiabatic temperature rise, [-] 
b0 kinetic parameters of un catalysed reaction, [K] 
b1 kinetic parameters of catalysed reaction, [K] 
Cp is the heat capacity of the calorimeter contents, [J/K] 
cP specific heat capacity of the reaction mixture, [J/K·mol] or [J/K·kg] 
HOAc Acetic Acid  
I0,λ  intensity of the incident light, [-] 
Iλ  intensity of the transmitted light, [-] 
k reaction rate constant (1
st
 order reaction),  [1/s] 
k0 reaction rate constant of the uncatalysed reaction (1
st
 order reaction),  [1/s] 
mAcO2 mass of acetic anhydride, [kg] 
MeOAc Methyl Acetate  
MeOH Methanol 
n
i
OAc2  initial quantity of acetic anhydride, [mol] 
nOAc2(t) quantity of acetic anhydride at t time, [mol] 
OAc2 Acetic Anhydride 
Qchem heat evolved by the reaction, [J/g] 
S external surface area per unit of volume, [m
2
/m
3
] 
T reactor temperature, [K] or [°C] 
t time, [s] o [min] 
T
0
 reactor temperature before the reaction, [°C] o [K] 
T
i
 initial temperature of the reaction mixture, [°C] o [K] 
Tj jacket temperature, [°C] o [K] 
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Tj jacket temperature, [K] or [°C] 
Tj reactor jacket temperature, [°C] o [K] 
Tmax temperature maximum, [°C] o [K] 
U overall heat transfer coefficient, [J/m
2
·s·K] 
X conversion, [-] 
γ Arrhenius number or dimensionless activation energy, [-] 
ΔHMIX enthalpy of mixing, [J/mol] 
ΔHR  enthalpy of reaction, [J/mol] 
ϴ dimensionless temperature, [-] 
Ψ Semenov number, [-] 
 dimensionless time, [-] 
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4. A STUDY OF THE SELF-POLYMERISATION OF 
DIVINYLBENZENE  
A study of the self-polymerisation of commercial 63% divinylbenzene and 
its inhibition by 4-t-butyl-catechol has been made using different 
calorimetric techniques in order to identify and quantify the factors effecting 
these processes. Attention has been paid to the effect of temperature and 
the exposure of divinylbenzene to oxygen in order to give information which 
may help to identify the cause of incidents of autopolymerisation of 
divinylbenzene which have occurred during its storage and transport. 
4.1 THE INCIDENT 
Divinylbenzene (DVB) is a speciality aromatic monomer used principally for 
cross-linking styrene in the production of ion exchange resins. Much of this 
production is located in Europe. In 2005 Europe’s main producer of DVB, 
closed its plant and the ion exchange resin producers were forced to seek 
new sources of supply. In particular one company, located in the United 
States, rapidly increased its sales to Europe during the Spring of 2005. The 
DVB was shipped in 24,000 l iso-containers and stockpiled at Newport 
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Containers’ Moerdijk facility in  Holland prior to distribution to its users [1]. 
In early August 2006 the contents of a DVB container transporting 80% 
material to a facility in France, autopolymerised. This was followed by an 
incident involving a container of 63%-DVB on 23 August in Grangemouth 
docks, Scotland [2],[3]. The DVB had autopolymerised while being left 
exposed to sunlight on the docks and the container was damaged while 
being moved with the release of a dense white plume. This drifted outside 
the docks area and over the River Forth where it eventually dispersed. A 
500 meters exclusion zone was declared and local residents were told to 
remain indoors with doors shut and windows closed. The docks were 
closed for 36 hours. No injuries were reported (Figure 4.1). 
 
Fig. 4.1. Emergency zone (the ray of the circle is equal to 500 m). 
 
Transport and storage times and the conditions, in particular the ambient 
temperature, under which these operations are carried out are important 
factors in determining whether DVB will autopolymerise [1].  
In this chapter the study of the autopolymerisation of DVB and its inhibition 
is presented: different calorimetric techniques (DSC, Adiabatic and TSu) 
have been used to this purpose. Attention has been paid to the effect of 
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temperature and on the exposure of DVB to atmospheric oxygen. Oxygen 
is essential in the inhibition mechanism for DVB autopolymerisation and 
exposure to water can remove the inhibitor from the DVB. 
4.2 DIVINYLBENZENE  
Divinylbenzene is an aromatic hydrocarbon which may be regarded as a 
derivative of styrene (Figure 4.2). 
 
Figure 4.2:  A styrene molecule. 
 
DVB can exist as three geometrical isomers, reported in Figure 4.3. 
 
Figure 4.3:  Divinylbenzene geometrical isomers. 
Some information about and physical properties of the DVB isomers (molar 
mass 130.2 g mol-1) are given in Table 4.1 [4]. 
Table 4.1: Some properties of the isomers of divinylbenzene 
 1,2 DVB 1,3 DVB 1,4 DVB 
Synonyms o-divinylbenzene m-divinylbenzene p-divinylbenzene 
CAS number 91-14-5 108-57-6 105-06-6 
Melting point/°C _ -52.3 31 
Boiling point
*
/°C 82
14
 52
3
, 121
76
 34
0.2
, 95
18
 
Density/g cm-3 0.933 (22°C) 0.929 (20°C) 0.913 (40°C) 
Solubility
** 
s ace, bz, i H2O s ace, bz, i H2O s ace, bz, i H2O 
* the superscript indicates the vapour pressure in mm Hg 
** s=soluble, i=insoluble, ace=acetone, bz=benzene   
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Because of the hindered internal rotation about the C-C bonds connecting 
the vinyl groups to the benzene rings each geometrical isomer can exist as 
more than one rotational isomer or rotamer. The rotamers for 1,3-DVB are 
shown in Figure 4.4. 
 
Figure 4.4:  Divinylbenzene rotational isomers (rotamers). 
Rotational isomerism is not therefore expected to play a significant role in 
the autopolymerisation of DVB. 
Commercial DVB is a mixture of DVB isomers and ethylvinylbenzene (EVB) 
isomers, e.g. 63%DVb contains 63% by weight of DVB and 37% of EVB. 
Similar considerations apply to the rotational isomerism  in EVB except that 
each EVB isomer has four C-C bonds. When the symmetry of the methyl 
group is taken into consideration the number of distinguishable rotamers in 
EVB is much smaller than the number of possible rotamers. Some 
properties of 63%-DVB are summarized in Table 4.2 [5].  
Table 4.2: Some properties of 63%DVB involved in the incident. 
Divinylbenzene/% 62-64 
Ethylvinylbenzene/% 34-37 
Total polymerizables (DVB and EVB)/% 96 min 
Low Boilers/% 0.5 max 
Diethylbenzene/% 0.5 max 
High Boilers (other than naphthalene)/% 1.0 max 
Polymer/ppm 10 max 
p-t-butyl catechol/ppm 1000-1200 
Specific gravity (25°C) 0.915 
Melting point/°C -88 
Boiling point/°C 195 
Solubility in water/%  (25°C) 0.0052 
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In Figure 4.5 is shown 4-tert-Butylcatechol (TBC) that is added at a level of 
900-1200 ppm by weight to commercial DVD to act as an inhibitor to 
prevent the self-initiated autopolymerisation of the material. 
 
Figure 4.5:  4-tert-Butylcatechol (TBC) molecule. 
4.3 THE MECHANISM FOR THE RADICAL AUTOPOLYMERISATION OF 
DIVINYLBENZENE 
DVB polymerises by a self-initiated radical chain mechanism [1]. A 
simplified reaction scheme is given in Table 4.3. 
In this Table M represents one of the monomers present in DVB. In the 
reaction scheme no distinction is made between polymer radicals 
originating from the two primary radicals. The reaction rate constant for 
initiation is kI and the average rate constant for propagation is kp. 
Termination is either by combination with an average rate constant k t,c or by 
disproportionation with an average rate constant kt,d and a total average 
termination constant kt. In styrene polymerisation termination by 
combination predominates over termination by dis-proportionation [6]. 
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Table 4.3: Simplified kinetic scheme for the self-initiated radical autopolymerisation 
of divinylbenzene.  
Reaction step  Kinetic Equations 
Initiation 
 
  
2MMM   
 22 MMMM  
 
 
 
]M][M[k2v 2II   
Propagation   
 1PMM  
12 PMM   
21 PMP   
 1nn PMP  
 
 
 
 
 
 
 
 
]M][P[kv pp   




i
1i
i ]P[]P[
 
Termination   
mnmn PPP   
mnmn PPPP   
 
 
 
 
2
c,tc,t ]P[kv   
2
d,td,t ]P[kv   
2
d,tc,tt ]P)[kk(v   
 
Initiation consists of two steps. In the first two monomer molecules undergo 
a Diels-Alder reaction to give a dimer (Figure 4.6). The Diels-Alder reaction 
involves the reaction of a conjugated diene with an alkene to give a 
cyclohexene  [7]. 
 
Figure 4.6:  The Diels-Alder reaction: between a conjugated diene and a 
substituted alkene (dienophile) to form a substituted cyclohexene system. 
In DVB the monomers are acting both as a conjugated diene and as an 
alkene. The diene is required to react in the cis conformation. With the 
exception of 1,4-DVB and 4-EVB each monomer has two possible cis 
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conformations. When acting as an alkene each monomer has four possible 
reaction conformations. In 63%-DVB consisting of the three DVB isomers 
and the 3-EVB and 4-EVB isomers there is a total of 176 possible 
distinguishable dimers, 32 homodimers and 144 heterodimers. The 
formation of many of these may be excluded because of unfavourable 
steric interactions. The rate of initiation depends on the dimer concentration 
and this depends on both the thermodynamics and kinetics of the Diels-
Alder reaction. At a given temperature the maximum dimer concentration 
cannot exceed that determined by the equilibrium constant at that 
temperature [8]. The maximum possible dimer concentration is likely to be 
in the range 10-1000 ppm. Each dimer contains an easily extractable or 
active hydrogen atom and a dimer and monomer can react to give a 
monomer radical and a dimer radical as shown for the reaction of a 1,4-
DVB homo-dimer and a 1,4-DVB monomer (Figure 4.7). 
 
Figure 4.7: Reaction between the Diels-Alder dimer and the DVB monomer to give 
a monomer radical and a dimer radical. 
The first propagation step for a 1,4-DVB monomer radical and a 1,4-DVB 
monomer is shown in Figure 4.8. 
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Monomer 
Radical
Monomer Polymer
Radical  
Figure 4.8: First propagation step for a 1,4-DVB molecule. 
Propagation continues according to the scheme shown in Table 4.3. 
Termination can be either by the reaction of two polymer radicals or by the 
action of the inhibitor TBC that will be discussed later on (Section 4.5). 
4.4 THE EQUILIBRIUM CONSTANT FOR THE FORMATION OF 
DIVINYLBENZENE DIELS-ALDER DIMERS AND THE KINETICS OF THE 
INITIATION REACTION 
The Diels-Alder reaction involves the replacement of two C=C bonds by 
four C-C bonds. Using tabulated values of average bond energies [9] of 
EC=C = 682 kJ/mol and EC-C = 348 kJ/mol a reaction enthalpy of ΔHdim = -28 
kJ/mol is obtained. For the simplest Diels-Alder reaction involving the 
reaction of butadiene and ethylene to give cyclohexene the tabulated 
standard enthalpies of formation [10] (shown in Table 4.4.) give 
molkJH /58
dim


. 
 Table 4.4 Standard enthalpies of formation of butadiene, ethylene and 
cyclohexene   
Substance ]/[ molkJH f

  
C2H4 (gas) 52.5 
C4H 6(gas) -33 
C6H10 (liquid) -38.5 
 
The formation of the Diels-Alder dimers for styrene derivatives is more 
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complicated because a benzene ring is replaced by a conjugated triene and 
so there will be a loss of resonance stabilization. A simple Hückel theory 
treatment [11] gives the energy difference between a benzene ring and a 
conjugated triene as 1.1 β, where β is the resonance integral which is often 
taken as 75 kJ/mol. The standard enthalpy change for dimer formation may 
be small or slightly endothermic.  
The standard entropy of reaction is negative because three nominally 
translational degrees of freedom and three rotational degrees of freedom, 
which make a large contribution to the entropies of the monomers, are 
replaced by six vibrational degrees of freedom, which make a smaller 
contribution to the entropy of the dimer. The same changes in the number 
of degrees of freedom occur for a propagation step in a polymerisation 
reaction. It has been noted [6] that the entropy of polymerisation for many 
reactions is -100 ÷ -120 J/K mol. The standard entropy change for the 
Diels-Alder dimerization reaction should be similar.  
Figure 4.9 shows the temperature variation of the equilibrium constant for 
dimer formation calculated with KmolJS /100
dim

  and (a) 
molkJH /20dim 

, (b) 0
dim


H  and (c) molkJH /20dim 

. The 
Figure also shows the equilibrium dimer concentrations expressed in ppm 
by weight calculated on the basis of ideal solution behaviour. 
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Figure 4.9:  The variation with temperature of the equilibrium constant (K) and the 
equilibrium dimer concentration (X) for the dimerization of DVB monomers. (a) 
molkJH /20
dim

 , (b) 0
dim


H  and (c) molkJH /20
dim


.  
 
A simplified kinetic scheme for the initiation reaction is: 
2MMM
Ik                      (4.1) 
 22 MMMM
Ik                          (4.2) 
with reaction rate constants kf for the forward  and kr for the reverse of the 
dimerization reaction and kI for the initiation reaction. 
The differential Equations are: 
]M])[M[kk(]M[k
dt
]M[d
2Ir
2
f 
                       (4.3) 
]M])[M[kk(]M[k
dt
]M[d
2Ir
2
f
2 
            (4.4) 
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]M][M[k
dt
]M[d
dt
]M[d
2I
2 



             (4.5) 
Equations 4.3, 4.4 and 4.5 are a set of coupled simultaneous differential 
Equations which can be solved numerically subject to the starting 
conditions: 
0]M[,0]M[,0]M[,]M[]M[ 220                                             (4.6) 
and the material balance: 
]M[]M[]M[2]M[]M[ 220                                                          (4.7) 
A qualitative approach which can give some insight is to apply the 
stationary state approximation to Equation 4.4 giving: 
])M[kk(
]M[k
]M[
fr
2
f
2


               (4.8) 
Substitution of Equation 4.8 into the Equation for the rate of initiation gives: 
])M[kk(
]M[kk2
v
ir
3
If
I


               (4.9) 
Two approximations may be considered for Equation 4.9: 
a) rI k]M[k    giving 
2
fi ]M[k2v                       (4.10) 
b) ]M[kk ir   giving 
3
I
r
f
I ]M[k
k
k
2v 
.                              (4.11) 
4. A study of the self-polymerisation of divinylbenzene  
116 | 
Remembering that the equilibrium constant for the dimerization reaction is: 
r
f
k
k
K 
                         (4.12) 
Equation 4.11 may be rewritten as 
3
iI ]M[Kk2v                                    (4.13) 
Equation 4.10 suggests that almost immediately after it is formed a dimer 
molecule will react with a monomer molecule and there will be little or no 
build up of dimers. The presence of the equilibrium constant in Equation 
4.13 implies a pre-equilibrium and that there can be some build up of dimer 
molecules. As the concentration of dimers increases their net rate of 
formation will fall because of the increasing importance of the reverse 
reaction of Equation 4.1. 
These considerations indicate that because of the small standard enthalpy 
of reaction and the small equilibrium constant for the dimerization reaction 
this reaction will not contribute to any self-heating in the reacting system. 
Self-heating will be due to the exothermic polymer radical propagation.   
4.5 THE MECHANISM FOR 4-T-BUTYL-CATECHOL INHIBITION IN THE 
AUTOPOLYMERISATION OF DIVINYLBENZENE 
Oxygen is essential for the for the inhibition of the autopolymerisation of 
divinylbenzene by 4-t-butyl catechol [1]. The first step is the reaction of a 
polymer radical with oxygen to form a polymer peroxy-radical: 
 22 POOP                                                                                        (4.14) 
The second step is a transfer reaction of this radical with TBC with the 
4. A study of the self-polymerisation of divinylbenzene 
117 |  
extraction of the hydrogen atom from the phenol group para to the t-butyl 
group with the formation of a polymer peroxide and a TBC radical: 
 TBCHPOTBCPO 22                                                                 (4.15) 
These steps are shown in more detail for a 1,4-DVB polymer radical in 
Figure 4.10. 
 
Figure 4.10:  First and second step of the TBC inhibition mechanism. 
 
The formation of the TBC radical involves the loss of an electron from a σ 
bonding orbital during the homolysis of the O-H bond and its replacement by 
an electron from the conjugated π electron system. It is an electronic 
rearrangement and does not involve the transfer of an atom within the 
radical and should be a fast process. The last step is the reaction of the TBC 
radical. This can be with a polymer leading to termination of a second 
polymer chain: 
TBCPTBCP                                                                              (4.16) 
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It has been reported [1] that the TBC radical can also react with oxygen, 
probably with the formation of a TBC peroxy radical: 
 22 OTBCOTBC                                                                         (4.17) 
This in turn may react with another radical giving a peroxide. Because of the 
possible reaction of the TBC radical with oxygen there may not be an exact 
stoichiometric ratio between oxygen and TBC consumed. 
Oxygen is present dissolved in the DVB and in the air in the container head 
space. The molar ratio (R) of available oxygen to TBC is an important factor 
in TBC inhibition. A concentration of 15 mg/l has been reported for oxygen 
dissolved in DVB at 25°C [1]. For a TBC concentration of 1200 ppm R is ~ 
0.06. Figure 4.11 shows how R varies with the fractional head space volume 
(fhsv) for air at 25°C and atmospheric pressure. This calculation has been 
made using the perfect gas Equation an oxygen mole fraction of 0.2. A value 
of R=1 corresponds to a fhsv of approximately 0.4. 
fhsv
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Figure 4.11: Variation of the molar ratio of available oxygen to TBC (R) with the 
fractional headspace volume (fhsv) at 25°C. 
In literature [6]  it is suggested that phenols including TBC belong to a group 
of inhibitors where the mechanism is a radical abstraction or chain transfer 
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in which the product radical is unreactive towards monomer: 
 PhOHPPhOHP .                                                                 (4.18)   
This radical may then terminate another polymer radical: 
OPhPPhOP  .                                                                            (4.19) 
4.6 THE KINETICS OF 4-T-BUTYL-CATECHOL INHIBITION AND THE 
INDUCTION PERIOD IN THE AUTO-POLYMERISATION OF 
DIVINYLBENZENE 
The induction period is often thought of as the time required to consume 
the inhibitor before the reaction can start. Some attention is required  in 
order to have a better understanding about what the induction period 
means in DVB autopolymerisation. The inhibition mechanism discussed in 
the previous section requires the formation of radicals, and therefore the 
rate of inhibition (vinhib ) cannot exceed the rate of initiation (vI). Similarly the 
rate of termination (vt) cannot exceed the rate of initiation.  
Here we will consider the induction period to be the time necessary to 
achieve the following condition: 
criticaltinhibI vvvvv                                                                 (4.20) 
where vcritical is a condition that depends on the DSC instrument, the 
exothermicity of the reaction and the rate of the propagation reaction. Each  
DSC instrument has a certain maximum sensitivity. The greater the 
exothermicity of the reaction the easier it will be to detect the chemical heat 
flow. Finally the more propagation steps a radical undergoes before it is 
terminated the easier it will be for the instrument to detect the heat changes 
due to the inhibition reaction.   
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A simplified kinetic mechanism for TBC inhibition in DVB is: 
 22 POOP                                                                                      (4.21) 
with reaction rate constants kf for the forward reaction and kr for the reverse 
reaction: 
 TBCHPOTBCPO 22                                                               (4.22) 
with a reaction rate constant k. This is similar to the mechanism previously 
discussed for the formation of the Diels-Alder dimers except that here also 
the rates of initiation  and termination should be taken into account.  As 
inhibition takes place during the early part of the reaction the contribution 
from the termination may be neglected. The two important differential 
Equations then become: 
]PO[k]O][P[kv
dt
]P[d
2r2fI 

                      (4.23) 
]PO])[TBC[kk(]O][P[k
dt
]PO[d
2r2f
2 
                    (4.24) 
Application of the steady state approximation to 2PO  gives: 
])TBC[kk(
]O][P[k
]PO[
r
2f
2



.                       (4.25) 
Substitution into Equation 4.22 gives: 
])TBC[kk(
]TBC][O][P[kk
v
dt
]P[d
r
2f
I




.                      (4.26) 
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Two situations may be considered: 
a) k [TBC] >> kr that implies 
]O][P[kv
dt
]P[d
2fI 

   ;               (4.27) 
b) kr >> k[TBC] that implies r
2f
I
k
]TBC][O][P[kk
v
dt
]P[d 


 .     (4.28) 
Remembering that the equilibrium constant for the formation of ]PO[ 2   is: 
r
f
k
k
K 
                                                                                        (4.29) 
Equation 4.28 becomes:   
]TBC][O][P[kKv
dt
]P[d
2i 

.           (4.30) 
In (a) soon after a 2PO  radical is formed it is removed by reaction with 
TBC. This would correspond closely to the usual view of an inhibitor if 
oxygen was regarded as the inhibitor. In (b) there is the possibility of some 
build up of 2PO  radicals. 
Both Equations 4.27 and 4.30 show that the rate of inhibition depends on 
the concentration of oxygen dissolved in the DVB. In a container with no 
head space inhibition will cease shortly before all the oxygen is consumed, 
meaning that only a fraction of ~ 0.06 of the TBC has reacted. In a 
container with air in the head space a situation may be reached where the 
rate of inhibition becomes controlled by the rate at which oxygen is 
dissolving. After the reaction  has started the inhibition reaction may go on 
but at an ever decreasing rate, and this would be manifested in an apparent 
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self-acceleration of the reaction. 
It is also possible to make a distinction between when a substance is acting 
as a retarder and when it is acting as an inhibitor. If from the start of the 
reaction the inequality of Equation 4.20 is obeyed then the substance is 
acting as a retarder and is merely slowing the rate of polymerisation. This is 
shown schematically in Figure 4.12. In some reactions a substance may act 
as an inhibitor and in others as a retarder. 
t
v
(a)
(b)
t
inhib
v
crit
 
Figure 4.12:  Inhibition (a) vs. (b) retarder effect and the induction period (tinhib): the 
reactions finish when the curves cross the Δvcrit line.  
 
4.7 THE POSSIBLE ROLE OF PEROXIDES IN THE SELF-
POLYMERISATION OF DIVINYLBENZENE 
A polymer peroxide is formed when a polymer peroxy radical reacts with 
TBC: 
 TBCHOOPTBCOP 2 .                                              (4.31) 
Another form of polymer peroxide would be the reaction of a polymer 
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peroxy radical with a polymer radical: 
POOPPOP  2                                                                  (4.32) 
It has also been suggested that TBC radicals can  react with oxygen [1], 
presumably  giving  a TBC peroxy radical which could itself form a peroxide 
either by reaction with a polymer radical or with a TBC radical. A peroxide 
may be expected to react with radicals by a chain transfer reaction: 
 ROPOPPROOP                                                   (4.33) 
 POPORPROOP                                                          (4.34) 
where R may be H, P or TBC. The new radical, depending on its reactivity 
may either terminate another radical or initiate polymerisation either by 
addition of a monomer or by chain transfer to a monomer.  There may also 
be homolysis of the peroxide O-O bond with the production of two radicals: 
 POPOOP 2                                                                           (4.35) 
These radicals may then react by terminating radicals or by acting as 
initiators for polymerisation. At lower temperatures the peroxides would be 
expected to react more by chain transfer and the radical produced to 
terminate another radical. At higher temperatures homolysis of the O-O 
bond would be expected to predominate and the radicals formed to initiate 
polymerisation.  The peroxides may therefore pass from having an 
inhibiting effect at low temperatures to acting as initiators at higher 
temperatures [1]. 
4.8 EXPERIMENTAL RESULTS 
The aims of the laboratory tests are the comprehension of the role of the 
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storage temperature in the auto-polymerisation of  DVB and of the role of 
the oxygen in the TBC inhibition mechanism toward this monomer, in order 
to validate the hypothesis done.  
The experiments on samples of DVB supplied by the company involved in 
the incident have been carried on in DSC, Phi Tec II and TSu. Further 
analysis to evaluate the final conversion have been done with a TGA. Part 
of these experiments have been made in collaboration with the Health and 
Safety Laboratory, the United Kingdom government agency for Industrial 
Safety [12]. 
4.8.1 Differential Scanning Calorimetry Results 
The first part of the experimental runs have been carried out in a DSC: both 
scanning tests (5°C/min from 30°C to 250°C, whose objective is to 
determine the onset temperature of the reaction) and isothermal (in order to 
evaluate the heat produced by the polymerisation, the conversion and the 
induction period as a function of the set temperature) have been run.  
In all DSC tests a mass of 10 µg of DVB at room temperature has been 
processed in steel pressured crucibles (Figure 4.13). The medium 
pressure  DSC steel crucible withstands pressures of up to 2 MPa and 
temperatures of up to 250 °C. The 120 µl crucibles have a diameter of 6 
mm and a height of 5.5 mm. The crucibles are usually sealed with Viton O-
rings which are slightly permeable to water vapour.  
 
Figure 4.13. Steel pressured crucibles used for DSC tests. 
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4.8.1.1 Scanning and Isothermal tests on fresh DVB  
Figure 4.14 shows the results of a scanning test on fresh DVB: the detected 
onset temperature for this reaction is 162°C and the maximum value of the 
temperature reached is 173.7°C. The heat evolved by the polymerisation 
(655 J/g, i.e. 80.66 kJ/mol) suggests that the reaction has gone to complete 
conversion.  
 
. 
In Figure 4.15 the heat fluxes evolved during the polymerisation are 
reported for all the isothermal tests done on fresh DVB. It is possible to 
observe that the reaction rate increases and the induction period decreases 
when the set temperature changes from 110°C to 140 °C: in the first 
experiment the temperature peak is reached after 175 minutes from test 
beginning and it gradually slides to 10 minutes in the last isothermal run. 
Incrementing the set temperature, also the height and the shape of the 
temperature peaks change: they become higher and sharper, indicating a 
more hazardous behaviour of the monomer at higher temperatures. The 
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Figure 4.14. DVB scanning test (5°C/min): the onset and the peak 
temperature detected [12]. 
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heat evolved by the polymerisation also increases with temperature; it 
could be due to: 
 at lower temperatures the viscosity of the reacting mass increases, so 
the final conversion decreases (because of the reduced mobility of the 
propagating chains) leading to a reduction of the total heat evolved.  
 During the induction period, for tests run at temperatures below 140 °C, 
in presence of air and peroxides, DVB can be oxidized to epoxides [13], 
which are less reactive toward polymerisation. 
 
4.8.1.2 Scanning and Isothermal tests on stirred DVB  
In order to determine the oxygen influence on TBC inhibition mechanism, a 
sample of DVB has been stirred (500 rpm, 50°C) for different periods, 
ranging from 0 to 13 days, in order to create a deep contact between the 
sample and the air. This modified sample has been tested in both scanning 
and isothermal experiments. In Figure 4.16 the results of the scanning tests 
(5°C/min from 30°C to 250°C) are reported, where the 0d curve refers to 
fresh DVB. From this graph it’s possible to see that incrementing the 
Figure 4.15: DSC isothermal tests: the effect of temperature on auto-
polymerization of DVB[12]. 
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contact period between air (oxygen) and DVB/TBC system, the 
polymerisation starts at higher temperatures. A considerable difference can 
be observed after 1 week of air exposure: in particular the curve that refers 
to an air exposure of 13 days shows that the onset temperature changes 
from 162°C to 178 °C.  
 
 
Experimental profiles derived from isothermal tests (set temperature: 
130°C) are shown in Figure 4.17. The 0d curve refers to fresh DVB, and the 
other to treated DVB as explained before, for 1 to 7 days. 
Figure 4.16: DSC scanning tests (5°C/min): the effect of air exposure on DVB 
polymerization [12]. 
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These data show that induction period increases for longer air exposures, 
confirming the role of the oxygen in TBC inhibition mechanism. Passing 
from shorter to longer air exposures also the shape of the peaks changes, 
getting lower and rounded, and the heat evolved by the reaction decreases: 
these facts sustain the hypothesis of the DVB oxidation to epoxide. So 
oxygen carries out two actions in this process: it promotes TBC inhibition 
mechanism incrementing induction period but it also oxidize DVB, making 
the monomer inactive to polymerisation (deduced by a lower heat evolved 
during reaction and a lower reaction rate).  
Further scanning tests carried on in nitrogen atmosphere [12] confirmed 
that the absence of oxygen makes the onset temperature for the self-
polymerisation of DVB being lower, but with a lower reaction rate (Figure 
4.18) and total heat output, in agreement with the possibility of the 
formation of epoxides [13]. 
Figure 4.17: DSC 130°C isothermal tests: the effect air exposure on DVB 
polymerization [12]. 
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4.8.2 Adiabatic Calorimetry Results 
In  the experimental runs, the second step is represented by adiabatic 
calorimetry tests, carried out in the Phi Tec II apparatus of HEL Ltd. 
(described in Section 2.6.3.2). 
In this case DVB is tested in heat wait and search mode (3 steps, step time  
27 minutes and ΔTstep= 1°C) in two different chemical atmospheres (air and 
nitrogen). In Figure 4.19 the experimental profiles of temperature and 
pressure versus time are shown for the air pressurized test. 
Figure 4.18: Scanning DSC for fresh DVB in presence of nitrogen and air [12]. 
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Figure 4.19. Adiabatic test of DVB in air [12]. 
 
Because of the instrument sensibility, the detection of the onset 
temperature is more precise and conservative respect to the DSC runs: a 
value of 103.5 °C has been found; whereas because of its adiabaticity the 
temperature peak value is 397.9°C, with an adiabatic temperature 
increment (ΔTad) of 294.4°C. Pressure rises until 7.4 bar, with a maximum 
value of 8.8 bar.  
The inhibiting effect of the oxygen  on the auto polymerisation reaction is 
evident by comparing the results with another adiabatic test carried out in a 
nitrogen atmosphere. In Table 4.5 the results of these two tests are 
compared and in Figure 4.20 the experimental profile of the test carried on 
in nitrogen atmosphere is reported. 
Table4.5: Adiabatic tests: comparison between air and nitrogen atmosphere.  
DVB  
[g] 
atmosphere 
Tonset 
[°C] 
Tmax 
[°C] 
Tad 
[°C] 
Pmax 
[bar] 
50.38 air 103.5@150min 397.9 294.4 8.8 
50.35 N2 87.7@309min 394.5 306.0 7.4 
 
The detected onset temperature decreases of 16°C from air to nitrogen 
condition test, while ΔTad increases of 11.6°C, as a prove of the inadequacy 
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inhibition of TBC toward DVB in lack of oxygen.  
 
 Figure 4.20. Adiabatic test of DVB in nitrogen [12]. 
 
4.8.3 Thermal Screening Results 
Different tests on fresh DVB self-polymerisation have been carried on in the 
TSu in order to compare the results with the Phi Tec II data in detecting the 
onset temperature. 
Three scanning tests at 2°C/min have been run in stainless steel sample 
holders. Temperature and pressure profiles of the sample versus time are 
reported in Figure 4.21.   
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Figure 4.21: Thermal Screening Unit tests on fresh DVB: scanning rate 2°C/min. 
All three tests show that there is not a maximum of temperature but a 
plateau between 140°C and 150°C: before of it the profiles just follow the 
heating rate and so they does after. For none of these tests there is a 
detection of an exothermal activity (according to Hub and Jones criterion).  
Pressure increases up to 15 bar or 30 bar because of the vapor pressure of 
the monomer.  
A further tests with a smaller heating rate (0.5°C/min) has been performed 
in order to investigate the possibility of undergoing to a runaway reaction in 
the TSu before polymerising the monomer. The results of the test are 
reported in Figure 4.22. 
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Figure 4.22: Thermal Screening Unit tests on fresh DVB: scanning rate 0.5°C/min. 
The shape of the curves in Figure 4.22 are very different from those in the 
previous Figure. Temperature shows the typical runaway reaction profile 
(Tonset = 122.0 °C) until a maximum (284.6 °C), then it sudden stops and 
keeps the same value for half minute before dropping back to 220°C and 
then increasing again un to 260°C. The pressure has got a similar shape 
profile. In this conditions the curves are very similar to that obtained in the 
Phi Tec II experiment. Of course the value of the peak of the parameters is 
very influenced by the value of the Phi Factor: in particular the temperature 
peak is 100°C lower.  
All the results discussed above are summarized in Table 4.6. 
Table 4.6: Thermal Screening Unit tests on fresh DVB: comparison between 
different scanning rates results. 
DVB 
[g] 
Scanning Rate 
[°C/min] 
Tonset 
[°C] 
Tmax 
[°C] 
Pmax 
[bar] 
4.63 2 (I) n.d.* plateau @ 140°C 14.8 
4.52 2 (II) n.d. plateau @ 150°C 29.0 
4.55 2 (III) n.d. plateau @ 150°C 27.8 
4.67 0.5 112.0@270min 284.6 2.8 
*n.d. : non detected 
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4.8.4 Thermal Gravimetric Analysis Results 
A pseudo-isoperibolic experiment has been performed on 25ml of fresh 
DVB in order to sample the polymer and test it by a TGA.  
A bath has been placed over a stirred and heated plate and a conical flask 
containing the sample has been immersed in it. The sample and bath 
temperature have been monitored every second by a data logger. The 
temperature of the bath has been increased of 5°C every 3 minutes, 
performing a sort of manual heat wait and search until the self-heating of 
the sample has been detect. In Figure 4.23 the profile of the difference 
between the sample temperature and the temperature of the bath is 
reported against time. 
 
 Figure 4.23: Isoperibolic experiment on fresh DVB: difference between the sample 
temperature and the temperature of the bath vs. time. 
Applying Hub and Jones criterion to the experimental data, the onset 
temperature is found to be 127°C after 8 minutes from the beginning of the 
test. The maximum temperature rate calculated is 21.3 °C/min and the 
maximum temperature reached by the sample is 239°C. At the temperature 
peak all the material in the conical flask became a glass. To this polymer a 
TGA has been performed. In Figure 4.24 the resultant thermogram is 
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shown.  
 
Figure 4.24: TGA on polymerised DVB. 
According to the thermogram, the weight loss starts at high temperature: 
this is due to the pyrolysis (de-polymerisation) of the material, proving that 
the conversion of the monomer was nearly one. This could mean that the 
heat evolved by the self-polymerisation is enough to make evaporate the 
free monomer in the system.   
4.9 CONSIDERATIONS 
The scan test on fresh DVB shown in Figure 4.14 gave an integrated heat 
flow of 655 J/g (80.66 kJ/mol) and was taken as reaching  complete 
conversion. The question may asked as to whether complete conversion 
referrers to the polymerisation of the DVB or to the polymerisation of both 
DVB and EVB. In the first case an enthalpy of polymerisation of -126 kJ/mol 
is obtained and in the second case a value of -80 kJ/mol is obtained. These 
may be compared  to the value of -70 kJ/mol reported for the enthalpy of 
polymerisation of styrene [6]. The second value is not very different from 
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that for styrene and so we may conclude that both the DVB and EVB are 
polymerizing. 
The shapes of the isothermal test DSC curves (Figure 4.15) can be 
explained using the mechanism for radical polymerisation [6], self-
acceleration phenomena are accounted for by the gel effect (that will be 
discussed in Chapter 5). The final conversion decreases as the reaction 
temperature decreases. This observation is important in order to estimate 
how much DVB was released to the atmosphere in the Grangemouth 
incident. As the polymerisation proceeds the viscosity of the reacting 
system increases and this in some way must reduce the rate of initiation to 
such an extent that polymerisation effectively ceases. The isothermal tests 
show that the final conversion varies approximately linearly with 
temperature and that the induction period varies logarithmically with 
temperature  (Figure 4.25).  
 
 Figure 4.25:  Linear variation of the conversion (a) and the logarithmic 
variation of the induction period (b) with the reaction temperature. 
1g of DVB contains ~ 10-3 moles of monomer and for 1200 ppm of TBC ~ 
10-6 of this material giving a mole fraction of ~ 10-3. The quantity of 
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dissolved oxygen is ~ 0.1 of that of the TBC giving a mole fraction of ~ 10-4. 
Statistically one would expect a radical to encounter ~ 10-4 monomer 
molecules before encountering an oxygen molecule and other things being 
equal a radical would undergo  ~ 104  propagation steps before forming a 
peroxy radical. This appears to be a very large number and so we must 
conclude that the probability of forming a peroxy radical in an encounter of 
a radical with an oxygen molecule is greater than that for a propagation 
reaction when a radical encounters a monomer. Assuming that one TBC 
molecule is involved in the termination of a peroxy radical, approximately 
0.05-0.1 of the TBC would be consumed indicating that a radical undergoes 
500-1000 propagation steps before forming a peroxy radical. 
To investigate the effect of oxygen, let us consider the Henry’s law and the 
expected increase in solubility with decreasing temperature. Henry’s law for 
the solution of a gas mixture in a liquid may be written as [14]: 
i
i
i
x
f
H 
                                                                                                 (4.36)
         
where Hi is the Henry constant for component i, f i its fugacity and xi its mole 
fraction in the liquid phase. For an ideal gas mixture the fugacities are 
equal to the partial pressures. In going from air where oxygen has a partial 
pressure of 0.2 atm to pure oxygen the concentration of dissolved oxygen 
should increase by a factor of five. By bubbling pure oxygen through DVB 
at low temperature it should be possible to supersaturate the solution 
compared to that at room temperature. The head space of the DSC pan 
should then be filled with pure oxygen. 
Replacing the air in the head space of the DSC pan by nitrogen has a 
drastic effect on the inhibition. The scan tests of Figure 4.18 show that the 
reaction starts at a temperature of approximately 120°C compared to 170°C 
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for air in the pan headspace.  
Comparison with the scan tests for samples of DVB stirred with water 
shown in Figure 4.26. is interesting because in these tests the inhibitor, to 
be discussed below, has been removed.  
 
The uninhibited scan tests show the expected behaviour a shorter induction 
period and the polymerisation going to completion. The tests with nitrogen 
(Figure 4.18) in the head space show a much smaller reaction rate which is 
still going on at the end of the tests. In these tests the TBC appears to be 
acting as a retarder possibly by the mechanism discussed previously. 
Another hypothesis has been investigated to analyse the possible causes 
of the incident: the possibility of presence of water in the container, for 
example due to the entry through a valve with no seal. Experimentally this 
has been simulated by washing the monomer with different quantities of 
water and for different periods and analyzing it by DSC.  
The experiments where DVB was extracted with a high water to DVB ratio 
Figure 4.26 Scanning DSC tests for DVB stirred with water for different periods 
(DVB/H2O: 0.01in vol) [12]. 
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(Figure 4.27) show the expected reduction of the induction period due to 
the removal of TBC from the monomer. 
 
The experiment where DVB was stirred for days with a large excess of 
water and samples were removed for DSC scan tests is more difficult to 
understand. Solvent extraction is often used in preparative organic 
chemistry. Usually the reaction mixture is shaken with the extracting solvent 
in a separating funnel for several minutes and after the two phases are 
allowed to separate. This implies that equilibration of the solute between 
the two phases is a rapid process. In the experiment made here the TBC 
would have been expected to rapidly equilibrate between the monomer and 
water with most of it being in the aqueous phase. After this uninhibited DVB 
is being stirred for days with water. It is reported that uninhibited DVB, i.e. 
DVB to which no TBC has been added autopolymerises in 11 days at 27°C 
[1]. We must conclude that in this experiment we are observing the 
autopolymerisation of uninhibited DVB.  
The expected final conversion for the autopolymerisation of DVB at room 
Figure 4.26 Isothermal (120°C) DSC tests for DVB stirred different water to DVB 
ratio  [12]. 
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temperature would be expected to be approximately  0.15-0.2. This is 
important in order to estimate how much DVB was released to the 
atmosphere in the Grangemouth  incident. 
The possible role of water having entered the container requires some 
knowledge of how TBC will equilibrate between DVB and a relatively small 
quantity of water. The partition coefficient for the distribution of a solute 
between two immiscible solvents is [15]: 
x
y
Kpart 
                                                                                               (4.37) 
where y is the weight fraction of the solute in the extract and x is that in the 
raffinate phase. If the quantity of solute present before extraction is n0 a 
material balance gives  
yx0 nnn                                                                                            (4.38) 
assuming for simplicity that the two solvents have the same density 
)VK1(
VK
n
n
R
part
part
0
y
part


                                                                      (4.39)
       
where  
x
y
V
V
V 
                                                                                                 (4.40) 
and  Vx is the volume of the raffinate phase and Vy  that of the extraction 
phase. Table 4.12   shows how the fraction extracted (R) varies with V for 
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various values of the partition coefficient. 
 Table 4.12: Variation of R with V and Kpart. 
 Kpart and R 
V 0.1 0.5 1 3 5 10 100 
0.1 0.01 0.05 0.04 0.23 0.33 0.50 0.91 
0.5 005 0.20 0.33 0.60 0.71 0.83 0.98 
1.0 0.09 0.33 0.50 0.75 0.85 0.91 0.99 
10.0 0.50 0.83 0.91 0.97 0.98 0.99 1.00 
100.0 0.91 0.98 0.99 1.00 1.00 1.00 1.00 
  
With a small water to DVB ratio a very large partition coefficient is required 
to extract 90% of the TBC. In the experiment where the water to DVB ratio 
was 10 the induction period was reduced from 60 min to 24 min indicating 
that approximately 0.5 of the TBC had been extracted. This would give a 
partition coefficient of 0.1 and for a water to DVB ratio of 0.1 only 0.01 of 
the TBC would be extracted. We may conclude that infiltration of small 
quantities of water will not significantly affect DVB autopolymerisation. 
TBC is a weak acid and an estimate of its dissociation constant or pKa can 
be made by comparing values for similar molecules [16] as shown in Table 
4.13. 
Table 4.13: Comparison of pKa for some phenols. 
Phenol pKa 
Phenol (C6H6O) 9.99 
Pyrocatechol (C6H6O2) 
1,2-benzenediol 
9.33 
Resorcinol (C6H6O2) 
1,3-benzenediol 
9.32 
 .  
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The dissociation of a weak acid HA is 
  AHHA                                                                                       (4.41) 
and assuming ideal behaviour the dissociation constant is 
]HA[
]A][H[
Ka


             (4.42) 
If the self ionization of water is neglected the condition of electrical 
neutrality for the solution requires ]A[]H[
   and a material balance 
gives 
]H[]HA[]HA[ 0

             (4.43) 
If the degree of dissociation is small 0
]HA[]HA[ 
 and  
0a ]HA[K]H[ 

                             (4.44) 
or 
))]HAlog([pK(5.0pH 0a  .                                                                (4.45) 
Taking pKa for TBC as 9.6, if all the TBC present in the DVB 
(
12 lmol10  was extracted  into an equal volume of water) the pH of the 
aqueous layer would be 5.8. If it was extracted into a volume of water 0.1 
that of the DVB the pH would be 5.3. Although the difference is not very 
large,  pH measurements may give some information about the quantity of 
TBC extracted. A better approach would be to use them to determine the 
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pKa of TBC and its partition coefficient between DVB and water. 
4.10 CONCLUSIONS 
In conclusion, the aims of this work are the comprehension of the role of 
the storage temperature in the auto-polymerisation of  DVB and of the role 
of the oxygen in the TBC inhibition mechanism toward this monomer, in 
order to validate the hypothesis done about the causes of the incident. 
Some of the more interesting results regarding DVD autopolymerisation 
are: 
- The isothermal tests show that the final conversion varies approximately 
linearly with the reaction time and that the induction period varies 
logarithmically with the reaction time.  
- The quantity of dissolved oxygen is fundamental for the stability of the 
monomer. 
- Because of the low concentration of TBC and oxygen we must conclude 
that the probability of forming a peroxy radical in an encounter of a 
radical with an oxygen molecule is greater than that for a propagation 
reaction when a radical encounters a monomer.  
- The increase in the induction period for DVB stirred  in presence of air  
must be due to an increase in the quantity of inhibitor and we must 
conclude that there is some partial oxidation reaction which is 
contributing to this.  
- The inhibiting effect of the oxygen  on the auto polymerisation reaction is 
evident by comparing the results with another adiabatic test carried out 
in a nitrogen atmosphere. 
- Isothermal tests are easier to interpret than scan tests. 
- To determine induction periods it is better to use an isothermal test at a 
lower temperature e.g. if the induction period is expected to increase 
then 130°C would be indicated and if it is expected to be smaller than 
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120°C would be better. 
- To measure conversions a high isothermal temperature would be better 
e.g. 140°C or 150°C.  
- The enthalpy of polymerisation of -80 kJ7mol found here is slightly larger 
than that of -70 kJ/mol for the polymerisation of styrene. 
- At room temperature the final degree of polymerisation of DVB is likely 
to be in the range of 0.15-0.20. 
- When the air in the head space of a DSC pan is replaced by nitrogen the 
inhibiting effect of the TBC is replaced by a retarding effect. 
- At 50°C a radical produced in the initiation reaction is likely to undergo 
1000500  propagation steps before reacting with oxygen to form a 
peroxy radical which then reacts with a TBC molecule.    
- As the polymerisation proceeds the viscosity of the reacting system 
increases and this in some way must reduce the rate of initiation to such 
an extent that polymerisation effectively ceases. 
 
 
 
 
NOTE 
Some of the results shown in this Chapter have been published in the 
paper titled (see Annex II for the abstract): 
Casson V., Maschio G. (2011), Risk Analysis in Transport and Storage of 
Monomers: An Accident Investigation, Macromolecular Symposia, vol. 302, 
p. 273-279.  
 
 
4. A study of the self-polymerisation of divinylbenzene 
145 |  
SYMBOLS 

dim
H  standard enthalpy of formation for the dimerization reaction, [kJ/mol] 

fH  standard enthalpy of formation, [kJ/mol] 
[A] concentration of A, [mol]  
DVB Divinylbenzene 
E average bond energy, [kJ/mol] 
EVB Ethylvinylbenzene 
fcons fraction of monomer consumed, [-] 
fhsv fractional head space volume, [-] 
fi fugacity for the component i, [atm] 
Hi Henry constant for the component i, [L·atm/mol] 
K equilibrium constant for the reaction, [-] 
k reaction rate constant of a particular kinetic step, [mol
1-n
/s] 
Ka dissociation constant 
Kpart partition coefficient for the distribution of a solute between two 
immiscible solvents 
M monomer molecule 
n0 quantity of solute present before extraction  
P polymer molecule 
PhOH generic phenol 
pKa dissociation constant 
Pmax maximum pressure reached during the experiment, [bar] 
R molar ratio of available oxygen, [-] 

dim
S standard entropy of the dimerization reaction, [J/K·mol] 
t time, [s] 
TBC 4-t-butyl-catechol 
tex time of exposure, [days] 
tind induction period, [days] 
Tmax maximum temperature reached during the experiment, [°C] 
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Tonset  onset temperature (or decomposition temperature), [°C] 
toven time in oven , [days]  
v reaction rate of a particular kinetic step, [mol/s] 
Vx volume of the raffinate phase  
Vy  volume of the extraction phase 
x the weight fraction of the solute in the raffinate phase 
Xf, final conversion [-] 
xi mole fraction in the liquid phase for the component I, [-] 
y the weight fraction of the solute in the extract 
β resonance integral, [kJ/mol] 
ΔHdim enthalpy of the dimerization reaction, [kJ/mol] 
ΔTad adiabatic temperature increase, [°C] 
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5. INVESTIGATION OF THE EFFECT OF ACCELERATORS ON THE 
POLYMERISATION OF METHYL METHACRYLATE  
In the formulation of acrylic coatings, the use of accelerators permits to 
carry out the application of the product at ambient temperature. 
Accelerators are designed to increase the rate of polymerisation by 
promoting the decomposition of the initiator employed to initiate 
polymerisation processes. There should be no significant increase in the 
rate of the reaction until the stabilised monomer (methyl methacrylate) 
containing the accelerator (e.g. aniline compounds) is added to the initiator 
(i.e. peroxides). 
This study is based on the results from the investigation of a recent incident 
in a resins manufacturing site located in the United Kingdom that has been 
carried on in collaboration with Health and Safety Laboratory (the United 
Kingdom government agency for Industrial Safety).  
All the experimental part of the work has been completed in Buxton, where 
the Laboratory is located, in a period of six months; the experimental data 
modelling and the modelling of the system involved in the incident have 
been concluded in the University of Padova. 
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Post incidental preliminary calorimetric tests indicated that the accelerator 
can affect the rate of polymerisation when no peroxide is present. This is a 
significant finding which needs to be investigated in order to establish the 
potential hazards associated with the use of accelerators in resin 
manufacture.  
Both experimental and modelling results will be shown along the Chapter. 
5.1 THE INCIDENT 
At approximately 6:45pm on Friday 2nd October in 2009, a member of the 
public raised the emergency services to address an incident at the resins 
manufacturing site of interest. An explosion had occurred, forwarded by a 
fire (Figure 5.1). 
 
Figure 5.1:  View of the fire at the resins manufacturing site of interest. 
First reports indicate a fire towards the Nord East corner of the building 
(Figure 5.2). The area was secured by the police with 12 fire tenders in 
attendance. Approximately 80 residents were evacuated to avoid the 
smoke and fumes from the fire. Debris from the roof glass and tiles had 
been spread around the surrounding countryside and gardens over a radius 
of approximately 50m and a number of windows was broken at 
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approximately 200m distance in the adjacent factory and some damage to 
the adjacent factory (100m) was found. 
The fire burned fiercely until approximately 2am when it became possible to 
approach the factory to assess the situation. The entire building (25X60m) 
had been consumed with residual fires in the warehouse. 
 
Figure 5.2:  Aerial view and plant layout. 
The Environmental Agency arrived around 1:30am on Saturday. Last 
remnants of the fire (warehouse) were extinguished at 2pm on Saturday 3 rd 
under the oversight of the Environmental Agency. Residents were returned 
to their houses at 4pm. 
No injuries were sustained by the employees or members of the public. The 
workers left the site approximately at 4:30pm. 
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Figure 5.3:  Debris of the building after the incident: the inside (a) and a particular 
of the windows (b). 
The site interested by the incident and the next one were closed with no 
employees on site. Clean up activities were completed on Wednesday 7 th.  
The building was in an unstable state with unsupported walls, failing 
mezzanine floors and  falling steel and masonry (Figure 5.3). Nowadays the 
building has been completely demolished. 
5.2 PROCESS AND EQUIPMENT 
The company has been making methyl methacrylate (MMA) based resins 
for 20 years at the site interested by the incident and this was the first 
known fire incident [1]. 
The plant received a urethane/alkene chain oligomer (pre-polymer) which is 
delivered in heated tankers to maintain fluidity. The pre-polymer is 
combustible though not flammable (flash point > 100°C, differently from 
MMA which has a flash point of 13°C and a flammability limit between 2.1 
and 12.5%). This pre-polymer is transferred into one of several reactors 
where a small quantity of another methacrylic compound to tip-off residuals 
of isocyanate functionality on the copolymer is added. The reaction is mildly 
exothermic and is readily controlled at 80°C by a small cooling jacket. The 
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reacted polymer is referred to as Intermediate. Intermediate is then blended 
with various combinations of methacrylic monomers to create different 
kinds of resins blend intermediates.  
The monomer are stored in bounded bulk tanks to the North East external 
of the factory. The resins blend intermediates contain around 50% volatile 
monomer and generally have a flash point around 16°C. They are used in a 
number of different process vessels or high shear disperser mixers where 
are added with different kinds of fillers to produce a wide range of products.  
The one interested by the incident is a spray used for coating in the 
construction industry for structural waterproofing. A small semi-continuous 
process at the rear of plant is used to blend in pigments and various 
stabilisers. 
In summary, the main process is to end an oligomer followed by a dilution 
blending with methacrylate monomers (Figure 5.4). 
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Figure 5.4:  Schematic diagram of the process. 
 
The blender interested by the incident is stirred and heated by hot water 
from the boiler (see Figure 5.2). There are no devices for temperature 
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control inside the blender, but in the operation manual of the company [1] is 
written to ensure that the hot water supply is on but that the thermostat next 
to the blender is reading a maximum of 25°C and has to be set 30 minutes 
priors the transfer in order to ensure that the reactor is dry. Usually it was 
operated at 30°C [2] - 40 °C [3] to dissolve the pre-polymers; it is 
understood that the maximum temperature of the jacket is approximately 
70°C limited by the heat input. The blender was originally a pressure vessel 
(as evidenced by the dished ends and thickness of the flanges) but only 
operated at atmospheric pressure and was permanently vented to 
atmosphere via wet scrubber. The bursting disks in the line were not sized 
to relieve the pressure build up from a runaway polymerisation [3]. The lid 
of this vessel is not sealed closed but rests on its' own weight on the 
manway flange. No bolts or other securing methods are used. 
 
More in detail, the first stage of the process consist in lifting the barrels of 
pre-polymer from the hot water bath (used for heating the barrels of raw 
materials) and pump the required quantity into the reactor using the feed 
pump next to the water bath. Pre-polymer is conditioned, overnight, in  hot 
water bath at a temperature of 65°C; in  the operation manual it is written 
not to leave the barrels of material into the bath for longer than 16 hours or 
temperature greater than 65°C. The temperature evolved had to be 
manually recorded (the maximum was usually after 20 minutes). Record 
the weight of pre-polymer to calculate the batch yield. After this, pump the 
methacrylic compound (used to tip-off residuals of isocyanate) into the 
blender (maximum temperature allowed at this stage is 80°C). Add the 
accelerator and paraffin wax (the treated pre-polymer, 30% polymethyl 
methacrylate) and mix for 2 hours. During the second stage more MMA is 
added as a solvent and the rest of the fillers. 
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For what concern the accelerator, in the operation manual of the company 
[1] it is written that the accelerator solution is made by placing a barrel of 
accelerator in the barrel heater to melt the material. A barrel of MMA is 
placed in the hot water bath approximately 2 hours before manufacture of 
the solution beings. The accelerator is pumped into the tank and the same 
pump is used to feed the warmed MMA. The mixer is then timed to activate 
and stir the content every 6 hours. 
5.3 CONSIDERATIONS ON MONOMER BLEND PROCESS SAFETY 
There are two major hazards associated with the manufacture of the 
monomer blends: the need to store and handle highly flammable materials 
and the need to prevent the runaway polymerisation of the monomer and 
the final product while they are being stored, handled and blended.   
As described before, the resins product in this company are blends of 
monomers, polymers, inhibitors and curing accelerators. Under normal 
operating conditions for the manufacturing process there are no chemical 
reactions involved and the mixtures produced in the blending  process 
could in principle be separated back into their components by the 
appropriate combination of techniques like crystallization and distillation [3]. 
Methyl methacrylate and mixtures of it and other monomers can be made 
to undergo exothermic polymerisation under some conditions and it is 
fundamental for the safe operation of the process  that this does not occur 
while the products are being made, packed or stored.   
The runaway reaction of MMA may be considered as the worse case of 
runaway reaction: this monomer has a double bond which would increase 
the flame speed to result in a more powerful explosion than that from a 
saturated hydrocarbon compound. In addition the polymerization of MMA is 
strongly characterized by a self acceleration in rate due to diffusion control 
5. Investigation of the effect of accelerators on the polymerisation of methyl 
methacrylate 
154 | 
the so called “gel effect”. The heat of polymerisation of MMA is reported to 
be 54.4 kJ/mol (and the specific heat of the liquid is 2.05 kJ/mol). Thus if 
conversion is complete, under adiabatic conditions the temperature of the 
reaction mixture will rise up to 265°C. In the practice the full adiabatic 
temperature rise in unlikely to occur because MMA, at atmospheric 
pressure, boils at 100.3°C and because 100% conversion of monomer to 
polymer is limited by is thermodynamically limited by the presence of a 
ceiling temperature in the polymerization of MMA. It is known that at very 
high temperatures polymethyl methacrylate begins to decompose into 
shorter fragments. Dainton and Ivin [4] have defined the ceiling temperature 
(Tc) as the temperature at which the rate of depolymerisation equals the 
rate of chain propagation. Under conditions of equilibrium propagation-
depolymerisation, the ceiling temperature may be expressed as: 
   
     
    
          
                                                                                      (5.1) 
where ΔS0P is the entropy of the reaction, R is the gas constant and [M] is 
the concentration of monomer. The overall polymerization rate reach a 
maximum and then decreases. When the overall polymerization rate is zero 
the ceiling temperature is reached. The existence of a ceiling temperature 
was  confirmed experimentally by Maschio et al. [5]. For free radical 
polymerization of MMA.  The  values of ceiling temperature range from 167 
to  207 °C in dependence of the initiator utilized. As a consequence the 
presence of the ceiling temperature in the polymerization of MMA limits the 
final conversion in adiabatic conditions, so  the final degree of 
polymerisation decreases because the polymer revert to monomer. 
If both the propagation and depropagation reactions are treated as radical 
reactions the overall rate expression depends on the kinetic rate constants 
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of propagation (kp) and depropagation (kdp) and on the concentration of 
monomer [M] and free radical [P°] : 
 
rp = kp [P°] [M] - kdp [P°]                                                                            (5.2) 
 
at the ceiling temperature, rp=0 and so : 
 
kp/kdp = 1/[M]c                                                                                                                                               (5.3) 
 
where [M]c is the equilibrium monomer concentration.  
Anyway the major hazard associated with  the runaway polymerisation of 
the monomer blend are the rapid rise in temperature in the vessel causing 
a rapid rise in the vapour pressure of the volatile components of the blend. 
If the vessel is unable to withstand the increased pressure (or pressure 
relief systems operate) an extensive release of liquid and highly 
flammability vapour may occur, with the possibility of an explosion when an 
ignition source is found (in our case the electrical room has been identified 
as the source of ignition). 
5.4 METYL METHACRYLATE POLYMERISATION PREVENTION 
The monomer is normally supplied to the company with up to 60 ppm of p-
methoxy phenol inhibitor (MeHQ) which inhibits the polymerisation of the 
monomer provided that oxygen is present [6, 7]. The mechanism for the 
inhibition of the polymerisation reaction is shown in Figure 5.5. 
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Figure 5.5:  Schematic diagram of the process. 
MMA radical can react with oxygen to form peroxides which are stable 
below 100°C [8], independent of the pre-treatment or stabilization; only the 
extent of conversion seems to be influenced by the monomer quality. 
Nising et al. [8] arrived at the conclusion that even at ambient temperatures 
and in stabilized monomer, the formation of MMA peroxides takes place, 
leading to small quantities of peroxide species with the ability to 
significantly influence the reaction kinetics. The reaction mechanism for the 
formation of MMA peroxide is reported in Figure 5.6. [9]. 
 
Figure 5.6:  Reaction scheme for the formation mechanism of MMA peroxides [9]. 
It is reported that commercial, inhibited MMA will also polymerise quickly if 
heated above 100°C with a final conversion of more than 20% of the 
monomer to the polymer.  
5.5 ACCELERATORS  
Since the monomer blends are used in products that are required to cure 
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by radical polymerisation using in situ a peroxide initiator, without heating 
amine curing accelerator is added to the final product. In the absence of the 
accelerator the peroxide initiator generates radicals by thermal 
decomposition, which for most common initiators does not occur rapidly at 
ambient temperature, leading to little or no curing if the material is not 
heated. 
Amine accelerators react with peroxides to form amine radical cations and 
peroxide radicals and this reaction occurs at lower temperatures than the 
thermal decomposition of the peroxide. The radical cation and peroxide 
radical initiate the polymerisation reaction and thus the materials cure at 
lower temperatures when an accelerator is added (Figure 5.7, [3]). 
 
 
Figure 5.7:  Chemical mechanism for the low temperature amine acceleration of 
peroxide polymerisation initiator (e.g. Benzoyl peroxide and Di-methyl amide). 
 
Accelerator cannot generate radicals in the absence of peroxide or a similar 
oxidant. Before this study, no reported evidence was found that suggested 
that the accelerants have any effect on the chain propagation or termination 
steps of the polymerisation, so there was no suggestion that an accelerator 
could have an effect on the degree of conversion of monomer to polymer 
caused by a given amount of initiator.   
It also to notice that the pre-polymers which are added in the blend contain 
trace of the initiator used in their production and this could also interact with 
the accelerators and generate radicals at low temperature.  
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5.6 INVESTIGATED HYPOTHESIS 
There was an incomplete batch of the process just described before in a 
blender which vented indoor causing an explosion followed by a fire.  
The issue of the spillage of MMA could have been an hypothesis, but it has 
been demonstrated by PHAST simulations that this alone could not 
generate a large volume of flammable vapours [10] within the combustible 
limits. The volume of the plan room is approximately 3000m3 which require 
about 400kg of MMA vapour to generate a stoichiometric mixture to fill it or 
200kg for a lower flammable limit mixture. This consideration has also been 
validated by a TNT Equivalent Method calculation for the explosion 
occurred, whose result was the evaluation of the quantity of monomer that 
would have cause an explosion able to break the glasses of a damage area 
of 200m. The conclusion is that the mixture in the factory prior to ignition 
must have been in a significant part richer than stoichiometric and that 
could only have resulted from a flammable liquid that had been heated to 
above its flash point (and not from a simple spillage of cold MMA). The 
most obvious source of vapour would be from an uncontrolled runaway 
reaction within the blender carrying on the batch, which composition is 
shown in Table 5.1. 
Table 5.1: Composition of the blender at the moment of the incident. The batch 
was not completed because target weight when completed is 3060 kg. 
Component 
Weight 
[Kg] 
Composizione 
[%] 
MMA 1770 65 
Acclelerator 23 1 
Pre-polymer 939 34 
TOTAL 2732 100 
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The incomplete batch is characterized by the presence of MMA, accelerator 
and pre-polymer. No extra stabiliser was added (a 10% solution of 
phenolthiazine  was generally added manually at the end of the batch). The 
formulation of the final product was obtained by adding small quantities of 
substances which, apart from the inhibitor, were unlikely to affect chemical 
properties of the intermediate. 
 
After the incident the company prepared samples with compositions 
corresponding to those of the final product and the intermediate material 
believed to present in the reactor at the time of the explosion. Preliminary 
calorimetric results, obtained at Health and Safety Laboratory as part of the 
investigation of the incident, indicate that the accelerator can significantly 
affect the rate of polymerisation when no peroxide is present. The results 
suggest that the accelerator increases both the rate and extent of 
polymerisation of the formulation that was being prepared at the time of the 
incident. These effects substantially reduce the minimum process 
temperature which can lead to a runaway polymerisation. 
The operating procedure for preparing the intermediate indicates that the 
accelerator is to be added when the temperature of the reactor contents is 
40°C. The maximum temperature at which the accelerator can be added 
needs to be reviewed using calorimetric data.  
A detailed calorimetric study based on Differential Scanning Calorimetry  
and Adiabatic Calorimetry has been completed. Adiabatic calorimetric data 
should also be used to determine the temperatures (or rates of temperature 
rise) at which emergency measures, such as injection of inhibitors or 
evacuation of the site, should be taken.  
To set the difference between the safe process temperature and the 
temperature at which the exotherm is detected by the calorimetric analysis  
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is determined by factors such as the heat transfer characteristics of the 
reactor and the reliability of the temperature control system. Because of this 
the last stage of the study has been the model of the blender that 
implement a complex kinetic model of the polymerisation process in it. 
5.7 EXPERIMENTAL RESULTS 
A detailed calorimetric study based on Differential Scanning Calorimetry  
and Adiabatic Calorimetry has been carried on first of all on samples of raw 
materials, intermediate and product provided by the company. 
Then a calorimetric analysis on MMA added with different kinds of 
accelerators has been performed in order to extend the conclusions about 
the possible influence of accelerators on MMA polymerisation.  
5.7.1 Calorimetric analysis on raw materials, intermediate and 
product 
First of all three DSC scanning tests from 25 to 300°C (heating rate 
10°C/min) have been carried on to evaluate the thermal stability of the 
MMA used by the company, the intermediate of the process (as formulated 
in the batch involved in the incident) and the final product. The sample 
holder used in all DSC tests described in this Chapter are the medium 
pressure pan described in Chapter 4 and shown in Figure 4.13; the sample 
mass was always nearly 60μL (~ 50% of the available volume of the pan). 
In Figure 5.8 is reported the comparison between the 3 materials tested.  
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Figure 5.8: DSC scanning tests profiles of the materials provided by the company. 
The intermediate seems to be more unstable than the raw MMA and the 
product in terms of onset and peak of temperature (Table 5.2). The 
polymerisation evolves a greater heat of reaction in the case of the raw 
material and also the rate of polymerisation is greater.  
For each DSC test it is possible to evaluate the total heat evolved by the 
reaction (represented by the area below the experimental curve); this value, 
divided by the theoretical heat of polymerization of MMA for complete 
conversion (543 J/g), allows us to evaluate the final conversion Xf obtained 
during the experiment. In most of the experiment described below, the 
conversion is smaller than one: this is due mainly to the presence of a 
ceiling temperature (at about 170-200°C) but other cause is the viscosity of 
the system that increases until a point in which the polymer formed get 
blocked (glass effect) before the monomer is consumed. The total 
conversion could still be reached by heating the polymer up to 180°C, and 
so heating the material above its glass transition temperature: in this way 
the molecule can move again and the polymerisation can finish.  
5. Investigation of the effect of accelerators on the polymerisation of methyl 
methacrylate 
162 | 
Table 5.2: Composition of the materials provided by the company: DSC scanning 
tests results (10°C/min). 
Sample MMA Intermediate Product 
Tonset [°C] 165 143 160 
Tmax [°C] 177 173 181 
ΔT [°C] 12 30 21 
Q/m [J/g] 84.56 89.90 62.99 
Xf 15.5% 16.5% 11.6% 
Table 5.3: DSC scanning tests results carried on with different heating rates on 
MMA and Intermediate. 
Heating Rate 
[°C/min] 
7.5 5 
Sample MMA Intermediate MMA Intermediate 
Tonset [°C] 162 141 156 136 
Tmax [°C] 172 170 164 163 
Q/m [J/g] 96.7 119.5 127 155.7 
Xf 17.8% 22 % 23.4% 28.6% 
Heating Rate 
[°C/min] 
2.5 0.5 
Sample MMA Intermediate MMA Intermediate 
Tonset [°C] 148 138 133 124 
Tmax [°C] 154 160 134 131 
Q/m [J/g] 182.7 284 328.3 323.2 
Xf 33.6% 52.3% 60.4% 60% 
The MMA and the intermediate have been analysed also in different 
conditions of heating rate (7.5°C/min, 5°C/min, 2.5°C/min and 0.5 °C/min) 
in order to investigate the influence of the thermal history of the sample on 
the extend of the polymerisation. In Figure 5.9 the experimental profiles are 
reported and in Table 5.3 the main results. 
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Figure 5.9: Results of the DSC scanning tests with different heating rates: (a) 
MMA, (b) Intermediate. 
Figure 5.10 shows the trend of the final conversion versus the heating rate: 
in the case of the intermediate the final conversion is always a little bit 
greater, a part from the case in which a very low heating rate was imposed.  
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 Figure 5.10: Final conversion vs. Heating rate for MMA and Intermediate (DSC 
results).  
In Figure 5.9 it is also possible to notice a change in the shape of the 
curves when the samples are subjected to lower heating rates; for this 
reason, an isothermal test at 120°C has been run for each of the two 
samples, in order to underline a possible difference in the polymerisation 
mechanism in quasi-isothermal conditions (Figure 5.11). 
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Figure 5.11: DSC isothermal test at 120°C: MMA (a), Intermediate (b).   
MMA and Intermediate are different just because of the presence of the 
accelerator. In Figure 5.11-a it is possible to recognize the typical shape of 
an isothermal polymerisation affected by gel effect: there is an induction 
period of ~ 40 minutes due to the presence of the inhibitor after which a first 
order reaction starts. In this step the reaction is controlled by the kinetics. 
The profile then moves away from this trend: the reaction rate undergoes 
the self acceleration caused by the gel effect until a point in which the 
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polymerisation stops (glass point). During the last two steps the 
polymerisation is diffusion controlled:  in homogeneous bulk polymerisation, 
with increasing viscosity of the reaction medium, the diffusion of the macro 
radical and so the termination of the reactive chains is impeded whereas 
the diffusion of the smaller monomer molecules to the reactive centers at 
the chain ends continues undisturbed. The reason of this apparent increase 
in the reaction rate and degree of polymerisation is a drop of the 
termination. The theory concerning with the gel effect (also called 
Trommsdorff effect) will be discussed later on, when the kinetic modelling 
of the system will be proposed. Figure 5.12 shows the stages of 
polymerisation just described. 
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Figure 5.12: Steps of an isothermal polymerisation affected by diffusion control (gel 
effect). 
The isothermal test carried on the intermediate (Figure 5.11-b) gave a 
profile in which the induction time is very short (less than 10 minutes) and 
there is no recognizable kinetic controlled regime. The final conversion in 
this case is 58%. In the case of the MMA it is 96%. 
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The monomer, the Intermediate and the product have also been analysed 
with adiabatic instruments (ARC and Phi Tec II); the results of the adiabatic 
tests are summarized in Table 5.4. 
Table 5.4: Composition of the materials provided by the company: adiabatic 
calorimetry results. 
Sample Test 
Tonset 
[°C] 
Tmax 
[°C] 
ΔTad 
[°C] 
Pmax 
[bar] 
Xf 
MMA Phi Tec II 129 172 43 10.2 16% 
Intermediate Phi Tec II 86 190 104 6.3 45% 
Product ARC 105 175 70 3.2 30% 
The following Figures show the experimental profiles of the adiabatic tests. 
Some of the differences between the results in Figures 5.14 and 5.15 will 
be due to the different thermal dilution factors associated with the Phi Tec 
and the ARC. It is also possible that the presence of additional inhibitor 
(0.07%wt) in the final product could have significantly affected the thermal 
stability of the mixture. 
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Figure 5.13: Phi Tec II test on the MMA (heat-wait and search mode). 
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Figure 5.14: Phi Tec II test on the intermediate (heat-wait and search mode). 
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Figure 5.15: ARC test on the product (heat-wait and search mode). 
 
The onset of the intermediate is lower than the onset of the product and the 
adiabatic temperature rise is greater for the first case; the peak of pressure 
shows also a greater value for the intermediate. It is important to notice that 
the final conversion is in both cases lower than 50%, leading to the 
presence of free monomer in the system. Part of this effect can also be due 
to the reaching of the ceiling temperature. 
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The results in Table 5.4 indicate that the final product, which contains a 
relatively high proportion of inhibitor, is less stable than MMA. Apart from 
the inhibitors, the only component, which could affect the stability of the 
final product, is the accelerator. The results in Table 5.4 indicate that 
accelerator has increased the rates of polymerization in the intermediate 
and final product, when no initiator is present. The results suggest that the 
accelerator increases both the rate and extent of polymerization of the 
formulation that was being prepared by the company at the time of the 
incident, specially above the ceiling temperature of the polymerisation. 
These effects would substantially reduce the minimum process temperature 
which can lead to a runaway polymerization. 
These first tests already proved that the presence of the accelerator has an 
effect on the polymerisation even in absence of initiator in the system. 
Because of this the second step of the experimental investigation has been 
focused on the analysis of different mixtures of MMA and different kinds of 
accelerators.  
5.7.2 Calorimetric analysis on commercial MMA  
This part of the study has been focused on the effect of the type and 
quantity of accelerator added to commercial methyl methacrylate (Sigma 
Aldrich, pure 99% contains < 30ppm of MeHQ as inhibitor).  
The material have been tested with DSC at the heating rates described 
before in order to compare its behaviour to that of the MMA supplied by the 
company. Table 5.6 shows the experimental data obtained from the tests. 
The main difference between the two materials is the final conversion when 
the samples are subjected to very low heating rates: as a matter of fact, the 
shape of the curve of the Sigma Aldrich monomer tested at 0.5°C/min 
(Figure 5.16) shows already the self accelerating behaviour and this had 
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not happened for the MMA provided by the company.  
 
 
Figure 5.16: DSC scanning test on Sigma Aldrich MMA and company MMA: 
0.5°C/min.  
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Figure 5.17: DSC isothermal test (120°C) on the MMA supplied by the company, 
the MMA from Sigma Aldrich and the same added by a double quantity of MeHQ. 
The difference in the formulation of the two mixtures is the double quantity 
of MeHQ inhibitor for the raw material of the company (a measure taken by 
the company to improve shelf life). By adding a double quantity of MeHQ to 
the Sigma Aldrich monomer and repeating the test at 120°C (Figure 5.17) 
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the profiles of the two samples are similar in terms of final conversion and 
self accelerating rate of reaction. The final conversion for isothermal tests is 
always comparable; in the case of scanning tests it is influenced by the 
heating rate. It is reasonably to use for our experiments MMA as it is 
supplied by Sigma Aldrich. 
Table 5.6: DSC results on the MMA supplied by the company and the Sigma 
Aldrich MMA. 
Test 10 [°C/min] 7.5 [°C/min] 
Sample 
MMA 
company 
MMA 
Sigma Aldrich 
MMA 
company 
MMA 
Sigma Aldrich 
Tonset [°C] 165 152 162 149 
Tmax [°C] 177 168 172 163 
Q/m [J/g] 84.56 105 96.7 123 
Xf 15.5% 19.3% 17.8% 22.6% 
Test 5 [°C/min] 2.5 [°C/min] 
Sample 
MMA 
company 
MMA 
Sigma Aldrich 
MMA 
company 
MMA 
Sigma Aldrich 
Tonset [°C] 156 145 148 138 
Tmax [°C] 164 156 154 145 
Q/m [J/g] 127 149 182.7 210 
Xf 23.4% 27.4% 33.6% 38.6% 
Test 0.5 [°C/min] Isothermal @ 120°C 
Sample 
MMA 
company 
MMA 
Sigma Aldrich 
MMA 
company 
MMA 
Sigma Aldrich 
Tonset [°C] 133 133 - - 
Tmax [°C] 134 147 - - 
Q/m [J/g] 328.3 530 521 532 
Xf 60.4% 97.6% 96% 98% 
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5.7.3 Calorimetric analysis on commercial MMA and accelerators 
solutions 
In order to extend the conclusions of this study to a range of processes, 
different types of accelerators have been tested, including the one involved 
in the incident. As described in Section 5.5, accelerators basically are 
amine compounds: in particular alkyl anilines are employed. This part of the 
experimental investigation is focused on the calorimetric study of different 
solutions of four accelerators generally used in chemical industry for curing 
and gelling unsatured resins [11]. In Table 5.7 the main characteristics and 
properties of the anilines shown in Figure 5.18 are reported. 
Table 5.7: Characteristic and properties of the alkyl anilines tested. 
Chemical DMA DEA DMPT DIPPT 
Name 
N,N - 
dimethylaniline 
N,N - 
diethylaniline 
N,N - 
diemethyl-
para-toluidine 
N,N - 
diisopropyl-
para-toluidine 
Cas. No. 121-69-7 91-66-7 99-97-8 038668-48-3 
Appearance 
Clear pale  
yellow liquid 
Clear pale 
yellow liquid 
Clear pale 
yellow liquid 
Light tan solid 
Empirical 
Formula 
C8H11N C10H15N C9H13N C13H21NO2 
Molecular 
Weight 
121 149 135 223 
Boiling Point 
[°C] 
192.8 85 211 
Melting point 
80°C 
Specific 
Gravity @ 
25°C 
0.954 0.935 0.937 
0.925 @ 
20°C 
Vapour 
Pressure 
[mmHg] 
1 @ 30°C 1 @ 50°C No data < 1 @90 °C 
 
Solubility 
In aromatics, 
alcohols, 
acetone and 
insoluble in 
water. 
In aromatics, 
alcohols, 
acetone and 
insoluble in 
water. 
In aromatics, 
alcohols, 
acetone and 
insoluble in 
water. 
In water 
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Figure 5.18:The alkyl anilines tested. 
 
5.7.3.1 Differential Scanning Calorimetry tests of solutions with different 
concentrations of accelerators 
In the formulation of the batch involved in the incident the accelerator was 
the 1%wt of the mixture; the companies producing accelerators suggest to 
use them up to 5%wt. First of all we wanted to investigate the effect of the 
concentration of the accelerator on the polymerisation: solutions containing 
0.5%wt , 1%wt , 2%wt , 5%wt , 10%wt of different types of them have been 
tested with DSC scanning test (25-300°C, heating rate 5°C/min). The main 
result was that a concentration lower than 2%wt makes the heat evolved by 
the reaction to increase (Figure 5.19). 
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Figure 5.19: DSC scanning tests (5°C/min) of solutions containing 0.5%wt , 1%wt , 
2%wt , 5%wt , 10%wt of accelerators. 
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Figure 5.20: DSC scanning tests (5°C/min) of solutions containing up to 2%wt of 
accelerators. 
 
More tests on the range up to 2%wt have been carried on in order to 
identify a critical concentration of accelerator (the one at which the heat 
evolved by the reaction is greater) for each of them (Figure 5.20); for DMA, 
DIPPT and DEA the critical concentration found was 0.75%wt and for 
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DIPPT it was 1%wt.  
The isothermal tests at 120°C performed on the same solutions showed 
that incrementing the quantity of accelerator up to 10%, the accelerator 
seems to start to behave as an initiator for polymerisation. Figure 5.21 
shows the comparison of the profiles for DMPT (the other substances gave 
similar results): for the case of high concentration solutions there induction 
period is small and, after the kinetic controlled step of the polymerisation, 
no self acceleration due to gel effect occurs. This can be attributed to the 
effect of accelerator in activating polymerisation: a greater number of 
chains causes a lower viscosity of the system.  
Table 5.8: Final conversion of isothermal DSC polymerisation (120°C) with different 
quantities of DMPT. 
 MMA 
DMPT 
0.25%wt 
DMPT 
0.50% 
DMPT 
0.75%wt 
DMPT 
1% 
DMPT 
5% 
DMPT 
10% 
Q/m [J/g] 531.7 532.8 513.80 507.73 459.64 311.03 114.36 
Xf 97.9% 98.1% 94.6% 93.5% 84.6% 57.3% 21.1% 
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 Figure 5.21: DSC isothermal tests (5°C/min) of solutions containing up to 10%wt 
of DMPT. 
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The tests carried on with lower concentrations of accelerator are affected 
by gel effect: this fact influences the final conversion of the reaction which 
is greater. (Table 5.8). 
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Figure 5.22: DSC isothermal tests (5°C/min) of solutions containing up to 1%wt of 
DMPT. 
 
On the basis of the results obtained performing DSC scanning tests (Figure 
5.20), 0.75%wt solutions of DEA, DMA, DMPT and 1%wt solution of DIPPT 
have been tested isothermally (with DSC) and adiabatically (with ARC) in 
order to study the kinetics of MMA polymerisation with accelerators. 
 
5.7.3.2 DSC isothermal tests of solutions with critical concentration DEA 
The isothermal DSC experiments have been carried on in the range of 
temperature 100-140°C. The following Figures show the comparison 
between the solution of the accelerator and the pure MMA for the different 
isothermal tests. The Tables below the Figure resume the principal results 
for MMA and for the 0.75%wt solution of DEA. 
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Figure 5.23: DSC isothermal tests: MMA and 0.75%wt DEA solution. 
 
Table 5.9: DSC isothermal tests: MMA data. 
 
MMA 
Induction 
time [s] 
1st peak 
[W/g] 
Time 1st 
peak [s] 
2nd peak 
[W/g] 
Time 2nd 
peak [s] 
Xf 
100°C 12786 0.0132 13012 0.1401 22250 97% 
110°C 4094 0.0369 4442 0.2636 9679 94% 
120°C 1207 0.0928 1253 0.3914 4572 98% 
130°C 382 0.1468 545 0.2839 3252 96% 
 
Table 5.10: DSC isothermal tests: 0.75%wt DEA solution results. 
 
DEA 
0.75%wt 
Induction 
time [s] 
1st peak 
[W/g] 
Time 
1st 
peak [s] 
2nd peak 
[W/g] 
Time 2nd 
peak [s] 
Xf 
100°C 19370 0.0179 20598 0.0405 29930 80% 
110°C 7781 0.0513 8281 0.1082 9365 87% 
120°C 2795 0.1081 3011 0.2023 5672 92% 
130°C 598 0.1936 953 0.1610 2656 80% 
According to experimental data reported in Figure 5.23, the  polymerisation 
of Sigma Aldrich MMA happens at each temperature tested with lower 
induction periods and higher final conversion. In particular, the gel effect 
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seems to be reduced in the case of the accelerator. This could be the prove 
of the possible role of DEA as initiator: its presence activate a larger 
number of chains with respect to the case of the MMA alone, so that the 
viscosity of the system during the process is lower and the gel effect 
appears smoothed. The first peak (representing the reaction rate  for the 
kinetic controlled step) is greater in presence of accelerator. 
5.7.3.3 DSC isothermal tests of solutions with critical concentration DMA 
The profile of the heat evolved by the reaction in presence of DMA (Figure 
5.24) can be discussed with considerations similar to the previous case, 
with the main difference that DMA and MMA have nearly the same 
induction time and final conversion for each test. 
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Figure 5.24: DSC isothermal tests: MMA and 0.75%wt DMA solution. 
 
 
5. Investigation of the effect of accelerators on the polymerisation of methyl 
methacrylate 
179 |  
Table 5.11: DSC isothermal tests: 0.75%wt DMA solution results. 
 
DEA 
0.75%wt 
Induction 
time [s] 
1st peak 
[W/g] 
Time 1st 
peak [s] 
2nd 
peak 
[W/g] 
Time 2nd 
peak[s] 
Xf 
100°C 12518 0.0144 13202 0.0969 21462 93% 
110°C 4354 0.0452 4926 0.1839 9365 86% 
120°C 1316 0.0996 1496 0.2791 4392 99% 
130°C 225 0.1936 546 0.2776 2558 98% 
 
5.7.3.4 DSC isothermal tests of solutions with critical concentration DMPT 
One of the main differences between DMPT and the previous accelerators 
is its capacity in reducing drastically the induction time: this is evident in the 
test carried on at 130°C (Figure 5.25), for which the polymerisation was 
already started before the data logging was so that the first peak is not 
completely recorded. We can still say that most of the polymerisation 
reaction in this case happens in kinetic controlled step and that the gel 
effect is reduced because of the dependency of viscosity on temperature. 
The first peak of the profile for the solution with accelerator is greater than 
that of MMA for every test indeed, even if there is a clear dependency of 
this behaviour on temperature. The value of the final conversion for each 
experiment is similar to that of the MMA tested alone. 
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Figure 5.25: DSC isothermal tests: MMA and 0.75%wt DMPT solution. 
 
Table 5.12: DSC isothermal tests: 0.75%wt DMPT solution results. 
 
DMPT 
0.75%wt 
Induction 
time [s] 
1st peak 
[W/g] 
Time 1st 
peak [s] 
2nd 
peak 
[W/g] 
Time 2nd 
peak[s] 
Xf 
100°C 9702 0.0267 10626 0.0687 19032 96% 
110°C 3646 0.0537 4168 0.1370 9000 97% 
120°C 850 0.1143 1288 0.1753 4187 93% 
130°C - 0.2905 - 0.1856 1382 
Not 
applicable 
 
5.7.3.5 DSC isothermal tests of solutions with critical concentration DIPPT 
In this case the induction period is more reduced than the previous one. 
The gel effect is again smoothed whereas the peak of the kinetic controlled 
step is greater with respect to the tests done on MMA. 
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Figure 5.26: DSC isothermal tests: MMA and 1%wt DIPPT solution. 
 
Table 5.13: DSC isothermal tests: 1%wt DIPPT solution results. 
 
DIPPT 
1%wt 
Induction 
time [s] 
1st peak 
[W/g] 
Time 1st 
peak [s] 
2nd 
peak 
[W/g] 
Time 2nd 
peak[s] 
Xf 
100°C 8744 0.043 9228 0.0945 15984 95% 
110°C 3338 0.0836 3798 0.1756 7707 98% 
120°C 983 0.147 1396 0.2657 3819 98% 
130°C 178 0.2434 539 0.2267 2303 91% 
 
5.7.3.6 ARC tests of solutions with critical concentration of accelerators 
The same solutions tested isothermally by DSC, have been analysed 
adiabatically by the ARC calorimeter in heat-wait-search mode in 1/8‘’ 
stainless steel bombs (Figure 2.4). In this apparatus the mass of sample 
tested is about 5g. The aim is to study the influence of the diffusion control 
on the extent of the polymerisation reaction.  
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The maximum conversion achievable is an important data in order to 
estimate the quantity of monomer free in the system that could evaporate 
as a consequence of the runaway reaction. In most of the isothermal tests 
just described, the final conversion was near to completion, specially at 
high temperature. The mass of the samples for those experiments was 
approximately 3mg: in this conditions is easier to keep fluid the reagent just 
by the effect of temperature on viscosity.  
Pictures of the reactor after the incident show the material left as solid foam 
(Figure 5.27). 
 
Figure 5.27: Reactor carring on the batch process: the inside content after the 
incident. 
A chemical reactor in which a runaway reaction is occurring is more similar 
to an adiabatic system and, when a polymerisation is going on, the effect of 
the fluid dynamic cannot be neglected. The variation of the viscosity of the 
system during the progress of the reaction has got also an important effect 
on the heat transfer coefficient that worsens the heat removal from the 
reactor to the jacket (this aspect will be analysed later on the Chapter, 
during the system modelling).  
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As we can see from Table 5.14, in which the main data obtained by the 
adiabatic tests are reported, when adding accelerators the detected onset 
temperature of the polymerisation decreases: in particular for the case of 
DMPT it is 36.5°C lower with respect to the case of MMA. The adiabatic 
temperature rise is in the major of cases increased, a part from the 
experiment carried on with DEA. In every case the final conversion is major 
in presence of accelerators, but the maximum value does not go beyond 
60% leading to 40% of free monomer in the system, that in the case of the 
incident this would correspond to ~ 1100 kg. As the temperature rises 
above the ceiling temperature for the material in all these tests, the 
reversion of polymer to monomer is also a cause that limits the final 
conversion. Another important data is the maximum rate of temperature 
which increases by adding accelerator to MMA but not in the case of DEA. 
In every case the Time to Maximum Rate is between 45min and 3 hours 
shorter with respect to the MMA depending on the type of accelerator 
tested.  
Table 5.14: ARC tests results. 
ARC 
(5°C steps) 
ΔTad 
[°C] 
Tonset 
[°C] 
(Q/m)ad 
[J/g] 
(dT/dt) MAX 
[°C/min] 
TMR 
[min] 
 Xf 
MMA 153 106.5 314 3.1 729 1.87 53% 
DMPT 0.75% 169 70 348 5.4 561 1.64 61% 
DMA 0.75% 158 81 323 4.67 563 1.63 60% 
DEA 0.75% 135 96 277 2.96 685 1.65 60% 
DIPPT 1% 163 96 333 3.87 649 1.75 56% 
The following figures show the experimental profiles of sample 
temperature, pressure and conversion for the five tests.  
Looking closer to pressure profiles, it is possible to notice that there is a 
sudden block in the pressure line: at the end of the test the 1/16’’ line 
connecting the bomb with the pressure transducer was full of polymer in the 
state of glass.  
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Figure 5.28: Sample temperature profiles of the ARC tests. 
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Figure 5.29: Pressure profiles of the ARC tests. 
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Figure 5.30: Conversion profiles of the ARC tests. 
 
The plot reported in Figure 5.31, allow us to evaluate the Arrhenius 
parameters for the reaction, and so the dependency of the reaction rate 
from temperature. As the conversion profile is given by Equation 5.4 
     
           
         
                                                                                               (5.4) 
where ΔTad,theo  is given by 
          
             
    
                                                                                     (5.5) 
in which nmol is the number of moles of reagent,  is the heat evolved by 
the polymerisation when the conversion is completed,  m is the mass of the 
sample and Cp is its specific heat. From the energy balance, the reaction 
rate can be expressed as 
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                                                                           (5.6) 
for an nth order reaction kinetic; coupling Equations 5.4 and 5.6, Equation 
5.7 is obtained: 
  
  
     
  
            →     
  
  
     
  
  
                                (5.7) 
that allow by plotting  vs.    to determine the Arrhenius 
parameter for the considered reaction (Table 5.15). 
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Figure 5.29: Rate of temperature profiles of the ARC tests. 
Table 5.15: Arrhenius parameters fitted by ARC data. 
Reaction 
Order 
Least Squares Best Fit First Order Kinetic Second Order Kinetic 
 
A 
[(1/sec)
n-1
] 
Ea 
[J/mol] 
n 
A 
[(1/sec)
n-1
] 
Ea 
[J/mol] 
A 
[(1/sec)
n-1
] 
Ea 
[J/mol] 
MMA 3.02E+5 54973 0.96 7.06E+5 57728 1.20E+16 134141 
DMPT 1.00E+5 49689 1.15 2.95E+3 39259 1.73E+13 105763 
DMA 9.65E+6 63893 1.27 8.75E+3 42600 1.25E+15 120730 
DIPPT 4.27E+9 31835 1.13 1.92E+8 74472 3.26E+18 148675 
DEA 5.62E+9 85333 1.17 6.22E+7 71182 8.57E+18 151788 
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5.8 EXPERIMENTAL DATA MODELLING 
In a similar way to that described in the previous Chapter for the 
polymerisation of DVB, MMA polymerisation follows a radical chain 
mechanism composed by initiation, propagation, termination and transfer 
steps (Table 5.16).  
Table 5.16: Simplified scheme for the radical polymerisation of MMA.  
Reaction step  Kinetic Equations 
Initiation 
 
1. Thermal 
 
 
2. Chemical 
a)  
b)  
  
      
        
  
 
    
  
        
 
   
      
  
 
     
  
         
   
      
  
          
 
Propagation   
 
a)      
   
      
b)  
c)  
 
        
Transfer 
 
a)  
b)     
        
         
 
  
        
       
  
                 
        
     
  
                 
 
Termination 
 
a) Coupling 
       
    
       
 
b) Disproportionation 
 
 
         
 
       con  
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Initiation step can be thermal (when at high temperature there is the rupture 
of the double bond of the monomer) or chemical (by an initiator). In the 
case of MMA also UV radiations can promote the formation of radicals. The 
type of initiation influences the number of radical formed and so the 
molecular weight of the polymer.  
To solve the kinetics equation of Table 5.16 is fundamental to know the 
concentration of polymer radical : the Quasi Steady-State Approximation 
can be used for the formation and consumption of the radicals ( that 
means to consider  constant. Appling this approximation to the kinetic 
equations of Table 5.15 for initiation and termination 
  →                                                                      (5.8) 
it is possible to obtain the following equation: 
      
      
  
.                                                                                                     (5.9) 
By substituting Equation 5.9 in the definition of propagation step rate, 
Equation 5.10 is obtained: 
    
      
 
  
 
   
         ,                                                                       (5.10) 
that can also be expressed as   
         
                                                                                           (5.11) 
as all the terms between brackets in Equation 5.10 are kinetics and 
thermodynamics constants. As written in Equation 5.10, the propagation 
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rate is represented by an apparent kinetic, in which 
     
      
 
  
 
   
.                                                                                   (5.12) 
Equation 5.12 is of primary importance in the description of the gel effect: 
the rate constant is indeed called apparent because it is not only influenced 
by kinetics but also by transport phenomena.  
The gel or Trommsdorff effect starts to appear already at lower conversion 
of monomer to polymer, i. e. 20%, modifying substantially the process: 
before it, propagation and termination rate constants depend just on 
temperature so that the apparent kinetic constant is called kap
0. In this stage 
the polymerisation can be approximated to a first order reaction 
                                                                                      (5.13) 
and the conversion is expressed by 
                                                                                       (5.14) 
After the gel effect starts and proceeds (between 20% and 80% of 
conversion), the viscosity increases because the radical polymeric chains 
are growing: this fact strongly limits the movement of the polymer chains 
and makes termination reactions nearly impossible. This appears  as an 
apparent increase of the propagation rate as the small monomer radical 
can still move and react with growing chains. In this regime, the conversion 
of monomer to polymer is much more rapid than in the case of a first order 
kinetic (Figure 5.32). Another consequence gel effect is the quality of the 
polymer formed: the final molecular weight is greater, the polydispersity 
index is up to 5 (normal values are around 2), the molecular weight 
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distribution becomes bimodal. When viscosity keeps increasing, i.e. after 
80% conversion, the glass effect begins: in this regime not even the radical 
monomer molecules can move in the system so that the propagation 
suddenly stops. The result is a sudden decrease of the reaction rate. 
 
Figure 5.32: Comparison between a first order reaction profile and a polymerisation 
process influenced by gel effect: (a) Conversion, (b) Reaction Rate. 
 
The self-accelerating behaviour of the reaction rate just described is 
strongly dependent on the variation of the constant kapp that will be 
described as follows [13, 14].  
Let us define the parameter gt representing the ratio between the 
termination rate constant in diffusion control kt and the termination rate 
constant in kinetic control kt0: 
   
  
   
                                                                                                            (5.15) 
which value is 1 from the beginning of the reaction to the beginning of the 
gel effect.  
Similarly, let us define gp as the ratio between the propagation rate constant 
in diffusion control kp and the propagation rate constant in kinetic control 
kp0: 
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,                                                                                                           (5.16) 
that remains constant and equal to 1 until the glass effect start 
(approximately for conversions above 80%). 
Equations 5.14 and 5.15 allow us to define α: 
  
  
  
     ,                                                                                                (5.17) 
which substituted in Equation 5.12 leads to a new Equation for kap: 
     
      
 
  
 
   
   
  
  
                                                                          (5.18) 
 
where          
    is the initiation rate constant that includes the efficiency 
factor for initiation f and the kinetic rate constant for the dissociation of the 
initiator; ki is independent from the regime (kinetic or diffusion controlled) 
and is constant along all the polymerisation reaction (i.e. ki = ki
0):  
  
  
  
    
  
  
   
   
   
   
 
  
  
 
   
    
  
   
    
 .                                                          (5.19) 
As written in Equation 5.19, α is 1 is kinetic controlled regime and starts to 
increase when the polymerization is diffusion controlled (Figure 5.33). 
representing the moving away of the kinetic from the 1st order trend.  
5. Investigation of the effect of accelerators on the polymerisation of methyl 
methacrylate 
192 | 
0
5
10
15
20
25
30
35
40
45
0.0 0.2 0.4 0.6 0.8 1.0
a
[-
]
Conversion [-]
Alpha parameter profile vs. Conversion as a function of 
Temperature (MMA polymerisation)
MMA_110 C
MMA_120 C
MMA_130 C
1
 
Figure 5.33: α vs. Conversion as a function of temperature for MMA 
polymerization. 
Ultimately the polymerisation process we want to describe needs a model 
that explains all the phases shown in Figure 5.12 for the isothermal 
polymerization and that also works  for adiabatic conditions. The kinetic 
model that has been built during this work describes: 
1. the induction period due to the presence of the inhibitor in the system; 
2. the kinetic controlled step (before the gel effect starts); 
3. the diffusion controlled step (from gel effect to glass effect). 
This stages will be described later on along the Chapter.  
The complete model (including the blender) has been implemented in Basic 
programming language. 
 
5.8.1 Induction time modelling 
The induction times are known from the isothermal DSC tests but the 
kinetic of the inhibition reaction is not certain. Let us consider an nth order 
kinetic reaction for the consumption of the inhibitor: 
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                                                                                        (5.20) 
 
that can be integrated from an initial concentration of inhibitor C0 (when t=0) 
to a certain concentration C (when t = tind, the induction time)  
 
                                                                                    (5.21) 
 
Let us call I the integral of the Equation 5.21, so that the induction time 
results 
 
.                                                                                             (5.22) 
 
Equation 5.22can be expressed in the logarithmic form and the Arrhenius 
equation can be substituted to the rate of reaction in order to show the 
dependence of temperature in the induction time: 
 
                                      (5.23) 
 
This allows us to model induction times from DSC isothermal experiments 
by plotting 
Iln  vs. 1/T and to extrapolate the values for Ea and a term 
called A* which combines  the pre-exponential factor A and the integral I. 
Figure 5.34 shows all the induction times derived from the DSC isothermal 
tests that have been modeled as just described.  
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Figure 5.34: α vs. Conversion as a function of temperature for MMA 
polymerization. 
Table 5.16 reports the activation energies and the modified pre-exponential 
factors A* derived from the regression of the induction times. 
Table 5.16: Activation energies and the modified pre-exponential for the Arrhenius 
equations used to describe induction times of isothermal polymerisation 
experiments. 
 
Ea 
[J/mol] 
A* 
[mol
n
/sec] 
MMA -134978 2.00E-15 
DMPT 0.75% -128534 1.00E-14 
DMA 0.75% -141313 3.00E-16 
DEA 0.75% -138727 1.00E-15 
DIPPT 1% -118998 2.00E-13 
 
Even if this data modelling is independent from the reaction order and 
mechanism, it would be more handy to be able to predict the induction time 
also for a different initial quantity of inhibitor in the system; for this reason it 
is necessary to hypothesize  an order for the kinetic of the inhibition 
reaction. By plotting the experimental data and the first and zero order 
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kinetic regressions for the induction times (using Equation 5.23 and solving 
the integral for the specific kinetic), it is possible to notice that the real order 
of reaction seems to be between zero and one (Figure 5.35). In this case 
the choice of a first order reaction kinetic for the inhibition seems to be 
more conservative and so it has been implemented in the model.  
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Figure 5.35: ln(tind) vs. 1/T: comparison between experimental, 1
st
 order and zero 
order kinetics. 
5.8.2 Kinetic and diffusion controlled steps modelling 
The aim of creating a model for the polymerisation is to predict the reaction 
rate and the profile of conversion. From DSC isothermal experimental data 
it is possible to calculate the heat evolved by the reaction, the conversion 
profile and also gt and α profiles vs. conversion in order to find at which 
point the diffusion starts to influence the process. 
The conversion profile can be evaluated by the following Equation: 
     
    
    
 
    
 
 
     
                                                                                  (5.24) 
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in which A(t) is the area below the experimental curve at each acquisition. 
According to the Equation for the heat evolved by the reaction  
  
  
  
  
  
      ,                                                                                  (5.25) 
the reaction rate can be expressed as a variation of the conversion during 
the time: 
  
  
 
  
  
   
 .                                                                                               (5.26) 
As the reaction rate can be expressed as a function of the monomer 
concentration 
  
  
    
  
   
                                                                                          (5.27) 
it is possible to define  (1st order kinetic) by the DSC data: 
  
  
                                                                                                (5.28) 
   
  
  
     
   .                                                                                         (5.29) 
                                                                                                                          
This value can be determined from the point at which the reaction starts 
(after the inhibition time) until the gel effect starts and should be nearly 
constant all over this interval. With  it is possible to calculate the reaction 
rate of the kinetic controller stage: 
  .                                                                             (5.30)    
From Equations 5.28 and 5.30 it is possible to calculate α: 
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                                                                                                  (5.31) 
that is the ration between the experimental reaction rate and the calculated 
value for a 1st order reaction (whose reaction rate constant is derived as 
well from the experimental data before the gel effect beginning).  
From this expression for α, it is possible also to calculate gt and gp (that 
remains constant and equal to 1 until the glass effect starts, i.e. 80-90% 
conversion of monomer to polymer): 
   
 
  
 .                                                                                                 (5.32) 
It is not possible to evaluate experimentally gp value after the glass effect 
starts because we do not have any expression for gt in the glass stage.  
The calculation of the α parameter for the experimental data obtained by 
the isothermal DSC tests on samples described in Sections 5.7.3.1 to 
5.7.3.4, revealed that its value is greater in the case of MMA with respect to 
the solutions of accelerators. The maximum value of a for each type of 
sample decreases when increasing the temperature set for the test, as 
shown in Figure 5.33, because of the effect of temperature on the viscosity 
of the polymer that smoothes the gel effect. This consideration is valid also 
when evaluating the profiles of the gt parameter (Figure 5.34): its value is 1 
until a certain conversion (critical conversion, Xcr), typically 20%, is reached 
then it drops down. For the same principle, incrementing temperature Xcr 
increases because the conversion needs to be greater to make the gel 
effect to begin.  
As already said, the kinetic controlled step of MMA bulk polymerisation can 
be approximated as a first order reaction (Equations 5.13 and 5.14). The 
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reaction rate can be re-written as a function of conversion of the monomer:  
  
        
    
   
   
    
                                                                           (5.33) 
that can be substituted into Equation 5.13: 
          
  
              .                                                                      (5.34) 
As the initial concentration of monomer  is constant, the term can be 
simplified and differentiated to obtain: 
  
  
           .                                                                                         (5.35) 
The constant kap can be written as a function of α (Equation 5.19)  
       
                                                                                                        (5.36) 
that can be substituted in Equation 5.35 to have an expression for the rate 
of conversion as a function of and α: 
  
  
    
       .                                                                                  (5.37) 
Equation 5.37 shows the necessity for modelling    
  as a function of 
temperature and α as a function of temperature and conversion.  
5.8.2.1 Kinetic controlled step modelling 
The constant    
  can be simply modeled with the Arrhenius Equation. In 
Table 5.17 the experimental values of    
  are reported and in Table 5.18 
the results of the fitting are shown. 
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Table 5.17: Experimental values for    
  obtained from DSC isothermal tests. 
T 
[°C] 
      
   
[1/s] 
        
   
 [1/s] 
       
   
 [1/s] 
      
   
[1/s] 
      
   
 [1/s] 
100 3.19e-5 7.47e-5 3.39e-5 - - 
110 7.91e-5 1.39e-4 1.06e-4 1.01e-4 1.02e-4 
120 1.60e-4 2.47e-4 2.14e-4 1.83e-4 2.10e-4 
130 2.39e-4 4.16e-4 5.77e-4 3.07e-4 4.10e-4 
 
Table 5.18: Arrhenius parameters fitted from data in Table 5.17. 
Sample  
[1/s] 
Ea 
[J/mol] 
MMA 2.90E+07 85099 
DMPT_0.75%wt 1.94E+11 112378 
DEA_0.75%wt 3.78E+06 77530 
DIPPT_1%wt 7.98E+05 71610 
DMA_0.75%wt 1.60E+08 89439 
 
5.8.2.2 Diffusion controlled step modelling 
In literature there are a lot of models to describe gel effect, that have been 
recently reviewed [15]. There are five different gel effect model concepts: 
viscosity based models, conversion (or polymer weight fraction) based 
models, reptation theory based models and free volume theory based 
models. The first four types of models use correlations for which kt  
changes suddenly for example at a certain conversion value. This is a 
limitation in describing the real process, in which gel effect does not start at 
a certain point but it slowly increases with the polymer fraction. Models 
based on free volume theory offer a continuous correlation for kt with other 
reaction parameters. After the comparison of the application of different 
models (phenomenological and semi-empirical) to our experimental data, 
we have decided to implement a phenomenological model that would have 
allowed us to adjust some parameters to our process conditions: a free 
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volume theory based model. The advantages is also that this model can be 
used also for thermal initiated polymerization (in our case when testing just 
MMA). 
The free volume is a parameter that is used to describe the influence of 
diffusion phenomena on  gel effect and it represents the volume available 
to monomer and polymer molecules for their movements to undergo to 
propagation (monomer-polymer) or termination (polymer-polymer) 
reactions. This parameter can be determined by the sum of the specific  
contributions of all the components of the mixture; for a bulk polymerisation, 
free volume is defined as: 
                                                                             (5.38) 
where   and  are respectively the free volume of the monomer and 
polymer and    and    are the volumetric fractions of monomer and 
polymer respectively. The fraction of monomer is determined by: 
   
   
     
                                                                                              (5.39) 
and depends on the conversion and on ε which is the volume contraction 
factor that describes the contraction of volume of the mixture during the 
proceeding of the polymerisation; it is a function of the densities of 
monomer and polymer (the former calculated as a function of temperature 
[16] and the latter considered constant with it): 
  
  
  
                                                                                                (5.40) 
          
                                                                     (5.41) 
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As the polymerisation here analysed is a bulk (i.e. there is no solvent) the 
fraction of polymer can be determined directly from the fraction of 
monomer: 
        .                                                                                         (5.42) 
The values of  and  can be calculated by semi-empirical correlations 
as a function of temperature 
                                                                                       (5.43) 
 
                                                                                       (5.44) 
in which 0.025 is the free volume at which the glass transition happens, 
αp=0.00048 and αp=0.001 are the volumetric expansion coefficients, 
Tgp=387 K and Tgm=167 K are the glass transition temperature for PMMA 
and MMA. The determination of       is a fundamental step to solve the 
model: the critic free volume is that at which the macromolecules of 
polymer formed can move anymore and so termination reaction nearly 
ceases; the reaction rate starts to increase and gel effect begins. This 
parameter is also determined empirically: 
                                                                   
 (5.45) 
where the temperature is expressed in Celsius degrees; Equations 5.45 
has been fitted to our experimental data because the expressions already 
existing in literature where fitted for initiated polymerisation carried on in 
solution and their application to our case brought a big error in the 
description of gt (because the gel effect was considered to start at higher 
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conversions, i.e. ~ 35%). From experimental data it is possible to obtain the 
value for Xcr (when α becomes greater than one); then applying Equations 
5.39, 5.42 it is possible to calculate the volumetric fractions of monomer 
and polymer that can be substitute into Equation  5.38 to calculate the critic 
free volume. Table 5.19 show the values calculated for MMA as an 
example. 
Table 5.19: Critic free volumes for MMA 
T [°C] Xcr m p vfcr
exp 
110 0,094 0,932 0,068 0,226 
120 0,169 0,875 0,125 0,223 
130 0,252 0,812 0,188 0,218 
 
This fitting has been repeated for all the solutions of MMA and different 
accelerator and implemented in the model. 
Up to now, for each value of the conversion (known from experimental 
data) it is possible to determine the free volume from Equation 5.38 and α 
from Equation 5.31; it’s not possible to evaluate directly gt. The versions of 
the model existing in literature have different equations for gt, that are also 
semi-empirical and depend on the conditions at which the polymerization is 
carried on. The expressions for gt are generally of this type: 
                                                                                    (5.46) 
where H is a parameter independent from temperature. In this case it was 
necessary to introduce a correction to account the influence of temperature 
in H parameter: 
                                             (5.47) 
in order to obtain a single equation for gt valid in all the range of our 
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experimental data. The comparison between our experimental and 
predicted profiles of gt is reported in Figure 5.36. This modification has been 
validated also with other experimental data present in literature [17] and 
good agreement was found. 
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Figure 5.36: gt vs. Conversion for the bulk polymerisation of MMA at 110°C: 
comparison between experimental data and model prediction. 
Equations 5.45 and 5.46 are used to determine gp [18]: 
a)              
                      if                              (5.48) 
b)          if                                                                  (5.49) 
where      
  is the free volume value at which the monomer molecules can 
move anymore. Because of this the propagation rate decreases and so the 
polymerisation reaction nearly stops (glass effect). For our case this critical 
value is considered to be the value at which α is maximum.  
The model structured in this way describes very well our experimental data. 
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5.9 BLENDER MODELLING 
The polymerisation model just described has been coupled to a model for 
the blender involved in the incident (Figure 5.37). The energy and mass 
balance are solved at each integration step: 
  
  
 
 
  
  
            
    
 
   
    
                                                                   (5.50)         
  
  
    
                  .                                                              (5.51)      
The overall heat transfer coefficient U has been modeled as a function of 
monomer conversion from data present in literature [19]: 
                    .                                                                            (5.52) 
The heat due to the stirrer is: 
          
                                                                                (5.53) 
where Newton adimensional number Ne               
      
 ) is 
calculated as a function of Reynolds adimensional number: 
   
     
  
                                                                                        (5.54) 
   
          
 
 
                                                                                       (5.55) 
in which the viscosity of the mixture is expressed as a function of the 
conversion [19] 
                 .                                                                               (5.56) 
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Equation 5.54 derives from the fact that it has been experimentally 
demonstrated [19] that the evaluation of the heat transfer coefficient from 
calorimetric data is not reliable for high values of the viscosity of the system 
so it is necessary to evaluate it from the measure of torque of the stirrer. 
The torque (which experimentally can be monitored on line during the 
process) allows the calculation of the power of the stirrer (       
              and so of Newton number that is related to Reynolds 
number and so to the heat transfer coefficient (                  
      ). In our case, as U is known from Equation 5.52, it is possible to 
evaluate the heat due to the stirrer following this path backward. 
The density of the mixture      is calculated according to the following 
Equations [15]: 
     
     
               
                                                                             (5.57) 
              
                                                           
                                                                                              (5.58) 
                          
                                        (5.59) 
The other operating conditions have been imposed on the basis of the 
results of the investigation of the incident (Table 5.20). 
Table 5.19: Data of the blender involved in the reactor. 
Reactor Height 2 m       477 J/Kg K 
Reactor Diameter 1.8 m Mass of the blender 1000 kg 
Reactor Volume 5.08 m
3
 Phi Factor 1.083 
Fill Volume 3.05 m
3
 Heat transfer Area 9.33 m
2
 
Fill Level 60% Stirrer  Diameter 1.35 m 
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Figure 5.37: Picture of the blender involved in the incident. 
 
The program implemented in basic allowed us to simulate many different 
conditions for the polymerisation on the basis of the analysis of the possible 
anomalies that could have been verified before the incident, such  as: 
- the jacket temperature was too high, leading to a rapid consumption 
of the inhibitor and to the undesired polymerisation; 
- the reactor temperature was too high (for example if the reagent 
were charged before they being at the adequate temperature or 
they have been heated up too much) leading the same 
consequences as the previous point; 
- the formulation of the batch was wrong and the quantity of inhibitor 
was less than 60ppm leading to an earlier start of the 
polymerisation; 
- the formulation of the batch was wrong and the quantity of wax was 
more than 30% leading to a sudden fall of the heat transfer 
coefficient. 
The results of the simulation are reported in the next paragraph. 
5. Investigation of the effect of accelerators on the polymerisation of methyl 
methacrylate 
207 |  
5.10 SIMULATIONS RESULTS 
The implemented model requires as input data the type of feeding (it is 
possible to choose between MMA and a mixture of the monomer with one 
of the four accelerators previously studied), the temperature of the mixture 
(reactor temperature), the jacket temperature, the initial quantity of inhibitor, 
the limiting quantity of inhibitor (after which the polymerisation starts) and 
the initial quantity of pre-polymer in the system. It is also possible to set the 
speed of the stirrer in revolutions per minute and the diameter of the stirrer 
(that in our case is considered to be 1.35 m). The last parameter to be 
chosen is the integration step (in our case was chosen 10 seconds).  
The main output data are the temperature and conversion profiles versus 
time.  
In Table 5.20 the most significative results for the simulation of the MMA 
added with 1%wt of DIPPT are reported as an example for the discussion 
of the incident, as this accelerator has been demonstrated to be the most 
dangerous by the thermal hazard study shown along this Chapter. 
In order to understand the possible conditions that brought about the 
runaway reaction, a simplified sensitivity analysis of the system was carried 
on in order to find at which conditions the runaway can happened in less 
than 4 hours (range of time estimated for the incident). The parameter 
changed during the different simulations were: 
- the quantity of inhibitor: it was set 60 ppm to simulate a normal 
formulation of the intermediate mixture and 30 ppm to represent an 
anomaly; 
- the initial quantity of pre-polymer: it influences the heat of agitation and 
heat transfer as it implies a different initial conversion of the monomer 
to polymer. The values set were ranging from 0.1 to 0.4 (the standard 
formulation was 0.3); 
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- the jacket temperature: it was set from 40°C (normal run) to 100°C to 
simulate a failure of the cooling system); 
- the reactor temperature: it was set 25°C, 65°C and 80°C for the same 
reasons above. 
- The speed of the agitator was tested ranging from 1 to 5 rpm. 
The results reported are the maxim temperature reached in the reactor and 
the corresponding time and the time of the onset temperature of the 
polymerisation, which is the inhibition time. In Table 5.20 are reported those 
results associated with scenarios compatible with the incident. Simulation 
No. 21 refers to standard operations. 
It is possible to notice that even if the formulation of the intermediate is 
correct in terms of inhibitor and pre-polymer quantity, it is possible for the 
polymerisation to start if there is an anomaly in the temperature of the 
jacket and of the reactor if the feeding is too hot (Simulation no. 4); the  
polymerisation starts after 5.5 hours and proceeds for 3 hours. Considering 
that our model overestimates the inhibition period, this scenario has to be 
taken in consideration as an explanation of the cause of the incident. 
When the initial quantity of pre-polymer is lower than 30%wt the heat 
transfer coefficient is higher and, if there is an anomaly in the jacket 
temperature, the inhibitor is consumed very rapidly (Simulations 1 to 4) and 
the maximum temperature due to the reaction is higher. On the other hand 
when the quantity of pre-polymer is higher than 30% (Simulation 5), the 
reaction starts later but with a greater reaction rate and the vessel 
undergoes adiabatic conditions earlier because the gel effect begins earlier 
and the rapid increase in conversion makes the heat transfer coefficient to 
fall. If the formulation of the intermediate would be wrong and not enough 
inhibitor would have been added to the monomer, of course the inhibition 
time would be shorter. In Figures 5.38 and 5.39 the profiles for Simulations 
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No. 12, 14, 15, 17, 19 and 20 are reported as an example. The model used 
does not consider the effect of the equilibrium of propagation and 
depropagation reactions that determine the reaching of the ceiling 
temperature. This does not affect the reliability of the prediction of the onset 
of the runaway phenomenon but makes the prediction of the maximum 
temperature and conversion (and the corresponding time) not realistic. The 
ceiling temperature would in fact limit the temperature increases at about 
165 - 190 °C and also the maximum values of conversion up to 60% - 80% 
as demonstrated experimentally during adiabatic tests. Anyway, the 
maximum temperature that could be reached in the reactor in these 
conditions would be enough to evaporate the free monomer and 
consequently to make the pressure increase able to break the vessel.  
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Table 5.20: Data Results of the simulations on MMA added with DIPPT 
accelerator: in bold are signed the scenarios compatible with the incident. 
Simulation 
No. 
Inhibitor quantity 
[ppm] 
Pre-Polymer 
[%wt] 
TJ 
[°C] 
TR 
[°C] 
tONSET 
[h] 
1 60 0 100 65 3.7 
2 60 0.1 100 65 4.0 
3 60 0.2 100 65 4.6 
4 60 0.3 100 65 5.5 
5 60 0.4 100 65 6.8 
6 30 0 100 65 3.3 
7 30 0.1 100 65 3.6 
8 30 0.2 100 65 4.2 
9 30 0.3 100 65 5.1 
10 30 0.4 100 65 6.4 
11 60 0 100 80 3.5 
12 60 0.1 100 80 3.8 
13 60 0.2 100 80 4.2 
14 60 0.3 100 80 4.8 
15 60 0.4 100 80 5.8 
16 30 0 100 80 3.1 
17 30 0.1 100 80 3.4 
18 30 0.2 100 80 3.8 
19 30 0.3 100 80 4.4 
20 30 0.4 100 80 5.3 
21 60 0.35 40 40 4962 
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Figure 5.38: Examples of simulated temperature profiles. 
 
Figure 5.39: Examples of simulated conversion profiles. 
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5.11 CONCLUSIONS 
The principal aim of this work was the comprehension of the role of a range 
of accelerators in the polymerisation of methyl methacrylate with no initiator 
present on the basis of an investigation of a real happened incident in a 
resins manufacturing site.  
The thermal hazard analysis carried on through differential scanning 
calorimetry and adiabatic calorimetry techniques revealed that all 
accelerators tested produced significant increases in the initial rate of 
polymerization and this effect increases the likelihood of runaway reaction 
in large process vessels, where the rate of heat transfer per unit volume is 
with relatively low, such as the one of the incident. The chemical 
mechanism responsible for the increased initial rates polymerisation 
caused by the addition of accelerators has not been established in the 
present investigation. However, catalysis of the decomposition of MMA 
peroxides by the accelerators offers the most likely explanation for the 
increases in initial rate. 
Some of the more interesting results of this study are: 
- The preliminary adiabatic calorimetry has shown that the intermediate 
and final product associated with the incident are less stable than industrial 
MMA. 
- Calorimetric analysis suggested that the accelerator increases both the 
rate and extent of polymerization of the formulation that was being 
prepared by the company at the time of the incident. These effects would 
substantially reduce the minimum process temperature which can lead to a 
runaway polymerization.  
- The final conversion of the isothermal DSC test is nearly complete, 
instead for scanning tests and adiabatic tests the maximum conversion 
reached was 60%. In the DSC scanning tests and adiabatic test the 
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temperature reached was always above the ceiling temperature for the 
monomer and this could also be an explanation for the lowest final 
conversion as, after ceiling temperature, the polymer tend to revert to 
monomer. 
- The isothermal tests showed the typical shape of a polymerisation 
affected by gel effect. The diffusion controlled step was smoothed in 
presence of accelerators but, on the other hand, the rate of the kinetic 
controlled step was increased when accelerators were added to the 
monomer and also the total heat output.  
- The presence of the accelerators made the induction time, due to the 
presence of the inhibitor, to decrease. 
- The reduction in thermal stability is associated with the addition of 
accelerators.  
- The adiabatic data show substantial reductions in onset temperature 
associated with the addition of accelerators and this effect along with 
observation increased self-heat rates is likely to lead substantial reduction 
in the safe process temperature.  
- The adiabatic tests confirms the presence of the ceiling temperature 
also in thermal polymerization of MMA in presence of accelerators. 
- The isothermal and adiabatic data support the conclusion that the 
explosion at the factory was due to the ignition of large volume a fuel-air 
mixture formed from the discharge of flammable vapour from the mixing 
vessel when the contents became overheated due a runaway exothermic 
reaction.  
- The free volume based model implemented was able to describe quite 
accurately our experimental data. 
- The simulations allowed us to define in which conditions the system 
can undergo a runaway reaction: in particular a failure of the cooling 
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system is the most likely cause. 
 
SYMBOLS 
     polymer density, [kg/m
3
] 
       critical free volume - start of the gel effect, [-] 
     
   critical free volume - start of the glass effect), [-] 
    free volume, [-] 
    monomer density, [kg/m
3
] 
    volumetric expansion coefficient of the monomer 
    volumetric expansion coefficient of the polymer 
    volumetric fraction of monomer 
    volumetric fraction of polymer 
      heat evolved by the polymerisation at complete conversion, [J/mol] 
     initial monomer concentration, [mol/L] 
(dT/dt) MAX  maximum temperature rate, [°C/min] 
(Q/m)ad adiabatic specific heat of reaction, [J/g] 
     mixture density, [kg/m
3
] 
[ ] concentration of the chemical inside brackets, [mol] 
A Arrhenius pre-exponential factor, [(1/sec)
n-1
] 
A* modified Arrhenius pre-exponential factor (=-I/A), [mol
n
/sec] 
ARC Accelerating Rate Calorimeter 
Cp specific heat of the sample, [J/g K] 
DSC Differential Scanning Calorimetry 
Dst diameter of the stirrer, [m] 
Ea activation energy in Arrhenius equation, [J/mol] 
f efficiency of initiator 
k reaction rate constant of a particular kinetic step, [(mol/L)
1-n
/s] 
kap apparent propagation rate constant, [1/s] 
kap
0
 apparent propagation rate constant in kinetic control, [1/s] 
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kdp  depropagation rate constant, [1/s] 
kt0 termination rate constant in kinetic control, [(L/mol)/s] 
m mass of the sample, [g] 
M monomer molecule 
Md  torque of the stirrer, [N·m] 
Md0  torque of the stirrer when the reactor is empty, [N·m] 
MeHQ p-methoxy phenol 
MMA methyl methacrylate  
N speed of the stirrer, [1/s] 
Ne Newton adimensional number, [-] 
Pmax maximum pressure  [bar] 
   polymer radical molecule 
Pstirr power of the stirrer, [W] 
Q/m specific heat of reaction, [J/g] 
Qst heat of stirring, [W] 
R gas constant, [J/mol∙K] 
r reaction rate, [mol/s·m
3
]  
Re Reynolds adimensional number, [-] 
Tc ceiling temperature,  [K] 
tind induction time, [sec] 
Tmax maximum temperature, [°C] 
TMR Time to Maximum Rate, [min] 
Tonset onset temperature (or decomposition temperature), [°C] 
X conversion, [-] 
Xcr critical conversion (i.e. when gel effect starts), [-] 
Xf  final conversion, [-] 
α gel effect parameter, [-] 
ΔS
0
P entropy of the reaction, [J/mol∙K] 
ΔT temperature increase, [°C] 
ΔTad  adiabatic temperature increase, [°C] 
ΔTad,theo  theoretical adiabatic temperature increase, [°C] 
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µ viscosity of the mixture, [Pa·s] 
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6. HYDROGEN PEROXIDE DECOMPOSITION ANALYSIS AND 
VENT SIZING TOOLS 
In this Chapter the experimental analysis of hydrogen peroxide 
decomposition is proposed by the use of the modified pseudo-adiabatic and 
non differential thermal analysis screening calorimeter (TSu) illustrated in 
Section 2.5.2. Screening calorimetry data allowed us to quantify the effects 
of the decomposition reactions and to define temperature and pressure 
ranges evolved during the experimental runs. Modifying the configuration of 
the instrument made possible to study the reaction in different initial 
conditions of pressure, and so to evaluate the consequences of it on some 
critical parameters used to identify runaway reactions. The experimental 
data obtained by this simple and low cost technique have to be validated by 
experiments run in more complex calorimeters, such as adiabatic and 
reaction calorimeters, but the use of the TSu makes it possible to reduce 
the number of more expensive experiments and to have a first step in risk 
analysis studies as key in scaling up of processes. 
The system under analysis is 35%wt hydrogen peroxide solution because it 
has been already object of our studies in the past [1, 2] and because it is 
the peroxide most involved in industrial incidents. According to MARS data 
bank [3], in the last 30 years there have been several major accidents 
involving peroxides. In particular: 
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- the 60% of these accidents have been caused by explosive 
decompositions/unexpected reactions; the 40% left by human errors. 
- 30% of the accidents caused at least one fatality; 
- in the 30% of the cases the accident lead to fires and pool fires. 
- 70% of the accidents were cause by hydrogen peroxide, the other 30% 
involved different organic peroxides. 
Hydrogen peroxide (HP) is an unstable substance because of its chemical 
bonds: it is liable to decompose exothermically also at ambient temperature 
and this instability in the past it caused most of the incidents due to 
runaway reactions [4]. This peroxide decomposes (disproportionates) 
exothermically into water and oxygen gas spontaneously according to the 
following reaction: 
2 H2O2 → 2 H2O + O2  .                                                                            (6.1) 
that is thermodynamically favorable. It has a ΔH0 of −98.2 kJ/mol and a ΔS0 
of 70.5 J/mol·K. The rate of decomposition is dependent on the 
temperature (cool environment slows down decomposition, therefore 
hydrogen peroxide is often stored in refrigerators) and concentration of the 
peroxide, as well as the pH and the presence of impurities and stabilizers. 
It should be stored in a cool, dry, well-ventilated area and away from any 
flammable or combustible substances and in a container composed of non-
reactive materials such as stainless steel or glass (other materials including 
some plastics and aluminum alloys may also be suitable). Because it 
breaks down quickly when exposed to light, it has to be retain in an opaque 
container, and pharmaceutical formulations typically come in brown bottles 
that filter out light. 
The objective of the work is to analyse the decomposition of hydrogen 
peroxide and its effects in different operating conditions of temperature and 
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pressure, particularly when a runaway reaction can occur and may be the 
cause of incidents.  
As already mentioned in Chapter 1, there are different approaches for 
handling the consequences of a runaway reaction: venting, containment 
and reaction inhibition. In spite of their apparent suitability, inhibition 
systems are rarely used in industrial processes and have been not studied 
widely because of the intrinsic danger in the experimental activity  [5]. The 
main disadvantage is the choice of the method for the early detection of the 
onset of runaway [6]. In order to apply this prevention system, robust on line 
Early Warning Detection System (EWDS) must be developed to identify 
situations that can lead to runaway reactions. 
The EWDS based on divergence criterion described in the previous 
Chapter has been applied off-line to the data regarding the decomposition. 
Both temperature and pressure profiles have been evaluated in order to 
compare the efficiency of the method to these parameters in terms of 
advance in detecting the runaway reaction. The application of the EWDS 
showed that the calibration of an algorithm for the prevention of the 
runaway reactions is possible by screening tests data.  
The last part of the work regards the possibility of vent sizing starting from 
thermal screening data according to the methods existing in literature [7, 8]. 
6.1 EXPERIMENTAL RESULTS 
Three grams of solution of hydrogen peroxide 35%wt have been tested in 
four different isothermal conditions (90°C, 100°C, 110°C and 120°C) and in 
three different initial pressures (1 bar, 6.5 bar and 12 bar). The choice of 
the set of temperatures is due to the results of three scanning tests on the 
same type of sample made in order to detect the onset temperature for the 
runaway decomposition; 90°C is in the proximity of the onset and the other 
tests were run above it. The onset temperature values have been 
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determined according to Hub and Jones criterion. The experimental profiles 
of the scanning tests at 1 bar are shown in Figure 6.1, and the main 
experimental data for the tests are summarized in Table 6.1. The different 
pressure used for the tests have the purpose to study the decomposition of 
the peroxide at various conditions and to evaluate how the characteristic 
parameters of the decompositions changes with this parameter. Stainless 
steel sample holders (1/8’’) have been used. 
 
 
Figure 6.1: Results obtained for three ramped tests at 2.5°C/min on 3g of 
35%wt HP. 
 
Table 6.1: Results obtained for TMAX, PMAX and Tonset for three different tests 
 TMAX [°C] t [min] PMAX [bar] t [min] Tonset [°C]  t[min] 
Test_I 246 56 87 56 90 46 
Test_II 244 58 83 58 89 46 
Test_III 256 62 88 62 94 50 
 
From Figure 6.1 it is possible to notice that the value of the detected onset 
was not unique: the repeatability of the data of hydrogen peroxide 
decomposition is not good, but the values of TMAX and PMAX are 
comparable. These reactions are very sensitive to ambient conditions and 
sample inlet temperature, and because of this the results obtained are 
slightly different for same type of test.  
Regarding the isothermal tests carried on at ambient pressure, the 
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differences between the four experiments are in the decomposition 
behaviour: in the tests run at 90°C, HP decomposed isothermally very 
slowly (~16 hours), while during the tests run at higher temperature it 
decomposed rapidly with runaway behavior. When the maximum value of 
pressure was reached at the end of the test it is possible to say that in 
these conditions HP decomposed in a thermally controlled way, as for 
example happened at 90 °C. The profiles of temperature and pressure are 
shown in Figure 6.2 and the main data are reported in Table 6.2. 
 
 
Figure 6.2: Temperature and pressure profiles of experimental data for isothermal 
tests at PIN=1 bar. 
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Table 6.2: Results obtained from the experimental profiles for the isothermal tests 
on HP at PIN=1 bar 
Isothermal test at 
different T for 
PIN=1 bar 
TMAX [°C] 
(t [min]) 
PMAX [bar] 
(t [min]) 
dT/dt MAX 
[°C/min] 
(t [min]) 
PMAX/VFREE 
(t [min]) 
PFIN-PIN 
[bar] 
90°C 
104 
(80) 
53 
(end) 
0.04 
(10) 
10 
(end) 
41 
100°C 
210 
(51) 
63 
(51) 
74 
(51) 
12 
(51) 
43 
110°C 
217 
(47) 
65 
(47) 
83 
(46) 
13 
(47) 
43 
120°C 
253 
(35) 
97 
(35) 
112 
(9) 
19 
(35) 
51 
 
In Figure 6.3 the rates of sample temperature are reported for this set of 
tests. It is possible to notice that for the three tests with runaway behaviour 
it is possible to detect the onset, but not for the test with isothermal 
decomposition.  
 
Figure 6.3: Rates of temperature for the tests carried on with PIN=1 bar. 
 
In Table 6.3 are reported the results obtained for the tests carried on with 
PIN = 6.5 bar. The profile of temperature and pressure are similar to the 
previous case: just for the test at 90°C the decomposition of the peroxide is 
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thermally controlled, the other cases are runaway reactions.  
Table 6.3: Results obtained from the experimental profiles for the isothermal tests 
on HP at PIN=6.5 bar 
Isothermal test 
at different T for 
PIN=6.5 bar 
TMAX [°C] 
(t [min]) 
PMAX [bar] 
(t [min]) 
dT/dt MAX 
[°C/min] 
(t [min]) 
PMAX/VFREE 
(t [min]) 
PFIN-PIN 
[bar] 
90°C 
98 
(57) 
60 
(end) 
2.6 
(14) 
12 
(end) 
41.5 
100°C 
235 
(46) 
92 
(46) 
143 
(46) 
18 
(46) 
43.5 
110°C 
245 
(41) 
101 
(41) 
131 
(41) 
20 
(41) 
48.5 
120°C 
250 
(39) 
109 
(39) 
122 
(39) 
22 
(39) 
51.5 
 
It is possible to consider the conversion of the peroxide as dependent on 
the final pressure in the system, according to the following Equation: 
  
   
   
   
                                                                                                                         (7.2) 
where the number of moles of oxygen due to the decomposition of the 
peroxide can be calculate by and Equation of State (Ideal Gas Law) in 
which initial and final pressure are known. In Table 6.4 it is possible to say 
that for the two set of tests carried on with different initial pressure the final 
conversions for the reaction are similar when the temperature set for the 
reaction is the same apart for the case of the tests carried on at 12 bar. In 
Figure 6.4 all the values of conversion are plotted as a function of set 
temperature and initial pressure. 
In Figure 6.5 and Table 6.5 are reported the main results obtained by the 
tests with an initial cell pressure of 12 bar. The main difference with the 
previous sets of tests is that it is possible to notice a delay in the 
decomposition of the peroxide for the test carried on at 100°C.  
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Table 6.4: Conversion of the experimental tests.  
Set 
Temperature 
[°C] 
Conversion 
at 1 bar 
[%] 
Conversion 
at 6.5 bar 
[%] 
Conversion 
at 12 bar 
[%] 
90 62 63 39 
100 63 66 39 
110 63 73 59 
120 75 78 84 
 
 
Figure 6.4: Trend of conversion vs. set temperature and initial pressure. 
 
Figure 6.5: Temperature and pressure profiles of experimental data for isothermal 
tests at PIN=12 bar. 
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Table 6.5: Results obtained from the experimental profiles for the isothermal tests 
on HP at PIN=12 bar 
Isothermal test 
at different T for 
PIN=12 bar 
TMAX [°C] 
(t [min]) 
PMAX [bar] 
(t [min]) 
dT/dt MAX 
[°C/min] 
(t [min]) 
PMAX/VFREE 
(t [min]) 
PFIN-PIN 
[bar] 
90°C 
108 
(56) 
28 
(69) 
0.04 
(13) 
6 
(69) 
26 
100°C 
227 
(54) 
87 
(54) 
117 
(54) 
17 
(54) 
26 
110°C 
244 
(39) 
110 
(39) 
117 
(39) 
22 
(39) 
39 
120°C 
249 
(34) 
107 
(34) 
151 
(34) 
22 
(34) 
56 
 
The final values of pressure suggested that for the tests carried on at 90, 
100 and 110°C the conversion is lower than in the corresponding tests of 
previous sets. Just during the test run at 120 °C the conversion went to the 
same value of the other corresponding cases.  
Figures 6.6 and 6.7 show the trend of the maximum of temperature and of 
pressure (normalised with respect to the free volume of the cell) versus the 
set temperature for the test and initial pressure: both parameters increases 
by increasing set temperature and slightly decrease by increasing initial 
pressure. 
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Figure 6.6: Trend of temperature maximum vs. set temperature and initial pressure. 
 
Figure 6.7: Trend of maximum of pressure vs. set temperature and initial pressure. 
 
6.2 RESULTS OF THE EWDS APPLICATION 
To the data just shown the Early Warning Detection System described in 
Chapter 3 was applied off-line. The efficiency of the EWDS is very 
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conditioned by the noise of the signal analysed. Because of this, the choice 
of the ΔVLIM is important in order to avoid misinterpretation that could lead 
to a wrong detection of the onset and so to false alarms. In this case the 
threshold value for the variation of phase space volume ΔVLIM was chosen 
for the tests carried on at  1 bar of initial pressure and then applied to the 
other experiments carried on at the same temperature set. The values of 
ΔVLIM are reported in Table 6.6: the criterion has been applied both to 
temperature and pressure data in order to test the efficiency of the 
algorithm to the two parameters.  
 
Table 6.6: Results of  the application of the EWDS to the isothermal tests 
performed at 100°C, 110°C and 120°C for different initial pressures. 
Test Parameter ΔVLIM t ΔVLIM [min] 
Δ (t peak - 
tΔVLIM) [min] 
 Temperature set: 100°C 
PIN=1 bar T [°C] 0.0118 45 6 
 P [bar] 0.0021 49 2 
PIN=6.5 bar T [°C] 0.0118 44 2 
 P [bar] 0.0021 44 2 
PIN=12 bar T [°C] 0.0118 52 2 
 P [bar] 0.0021 52 2 
 Temperature set: 110°C 
PIN=1 bar T [°C] 0.0054 44 3 
 P [bar] 0.0025 45 2 
PIN=6.5 bar T [°C] 0.0054 38 3 
 P [bar] 0.0025 39 2 
PIN=12 bar T [°C] 0.0054 37 2 
 P [bar] 0.0025 37 2 
 Temperature set: 120°C 
PIN=1 bar T [°C] 0.0070 26 9 
 P [bar] 0.0055 29 6 
PIN=6.5 bar T [°C] 0.0070 35 4 
 P [bar] 0.0055 37 2 
PIN=12 bar T [°C] 0.0070 29 5 
 P [bar] 0.0055 33 1 
It is possible to notice that the larger advance in the detection of the onset 
was mainly achieved when by the application of the algorithm to 
temperature data, as already demonstrated in other studies [9].  
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In Figure 6.8 an example of this application of the EWDS to temperature 
signal is reported for the test carried on at 120°C and 12 bar of initial 
pressure; in Figure 6.9 the same example is shown for the case of the 
application to pressure signal. It is possible to notice that the variation of 
phase space volume calculated for pressure profile is less noisy. This 
depends just on the type of transducer used for monitoring. 
 
Figure 6.8 Results of the EWDS applied to temperature data for the test carried on 
at 120°C (PIN = 12 bar). 
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Figure 6.9 Results of the EWDS applied to temperature data for the test carried on 
at 120°C (PIN = 12 bar). 
 
The Strozzi and Zaldívar criterion integrated in a EWDS has been always 
applied to several reacting systems either in laboratory and industrial scale 
tests [10]. In the studied processes the operating conditions were selected 
in order to guarantee safety and, as a consequence, the temperature and 
pressure increases during the runaway reaction were limited respect to the 
potential increase during a real incident of the same reacting system in a 
chemical plant. Also in the application to esterification of acetic anhydride 
shown in Chapter 3 the runaway reactions were always mild. In all the 
investigated cases the application of the EWDS permitted an early 
detection of the onset of runaway in absence of false alarms. In this 
application the EWDS based on the Strozzi Zaldívar criterion is applied to 
experimental tests carried out in the TSu, a pseudo-adiabatic calorimeter. 
These tests allowed us a careful analysis of the EWDS in operating 
conditions very close to a real runaway course of the process. 
Also this application proved that temperature is a more sensitive parameter 
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in runaway detection, but in the case of formation of non-condensable 
gases pressure increase is high also for quasi-isothermal profiles. As 
overpressure is a very dangerous condition to be reached in a vessel, 
pressure monitoring can be used also as a parameter for early detection of 
anomalous behaviour of the system. 
6.3 VENT SIZING FROM SCREENING DATA 
The last part of the work is aimed at the analysis of the feasibility of vent 
sizing from screening data. A safe relief system design requires knowledge 
of chemical reaction rates, character of the flow and energy release. From 
literature [11, 12] it is already known that the pseudo-adiabaticity of the 
laboratory scale experimental runs may lead to under-estimate of vent 
sizing. For this reason larger scale verification are needed. Our objective is 
to test TSu data by implementing already existing sizing methods and to 
compare the results with the experimental set up and with the results 
obtained in previous studies for a similar reacting system [7, 8]. Even if it 
the Design Institute for Emergency Relief Systems (DIERS) provided the 
chemical process industries with the tools necessary to gain data for vent 
sizing, it is known that however the DIERS methodology can be complex 
and time-consuming that it may be beyond the capability of  any facility 
operators. It has also been noticed that the procedure proposed can be 
overly conservative, leading to impractical relief system designs. These 
observations can be related to uncertainties or lack of knowledge of 
chemical kinetics, thermophysical properties, and relevant two-phase flow 
regimes. Therefore, to ensure widespread and consistent use of the DIERS 
methodology, Fauske advanced a more user-friendly method [7] that we 
decided to implement for vent sizing from our runway data obtained in the 
TSu for hydrogen peroxide decomposition. 
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According to DIERS methodology, reactive systems can be classified into 
three categories on the basis of the venting character: vapour, gassy and 
hybrid. In the vapour system the total pressure is equal to the vapour 
pressure and the vent size is mainly determined by the rate of temperature 
rise. In this case the reaction is so called “tempered” because when the 
operation of relief occurs the temperature becomes constant in the system 
and the heat is removed with the vapour outlet from the system as latent 
heat of vaporization. Vapour systems have the smallest relief area 
requirement. In gassy systems the total pressure is equal to the non-
condensable gas  pressure. They are so called “untempered” systems 
because also when the operation of relief occurs the temperature continues 
to increase with possible pressure increase. The principal parameter for the 
vent sizing is the maximum rate of pressure and smallest vent requirements 
are obtained. The hybrid system (like hydrogen peroxide decomposition), in 
which both gas and vapour are generated simultaneously so that the total 
pressure is the sum of gas partial pressure and vapour pressure, requires 
the knowledge of both rate of temperature and rate of pressure for vent 
sizing.  
For this study the expansion vessel was used. An initial pressure of air was 
applied in the system in order to be sure that the vent flow was one-phase. 
The tests made are ramped test at 0.5 °C/min (the rate required by the 
standard fire test) at 20 bar, 30 bar and 40 bar. 
The calculations of the relief area should be made by implementing 
Equation 6.3: 
    
 
       
 
  
  
  
   
 
   
    
 
   
 
  
  
  
    
 
   
   
 
   
                                              (6.3) 
that has been demonstrated to be consistent with large scale experiments 
regarding hydrogen peroxide for critical flow conditions. It has also been 
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demonstrated that the following Equation can be used  as a guideline for 
the relief requirements [7] and substitutes Equation 6.3: 
    
        
    
 
  
  
 
  
  
  .                                                                         (6.4) 
All the data required can be evaluated during a single experiment in the 
TSU. The relief set pressure Ps is the pressure at the onset temperature of 
the runaway reaction. The discharge coefficient CD that is ~ 0.4 when L/D of 
the discharge line is ~ 400 (where L is the equivalent pipe length and D is 
the pipe diameter that in our case is 1/8’’ inch.)  
In Figure 6.10 the experimental profiles of the tests are shown. The main 
difference between the three tests is that for higher initial pressure the vent 
into the expansion vessel, of course, starts later. 
Table 6.7 resumes the results of the vent area obtained. 
Table 6.7: Results of  the application of DIERS method to the ramped tests at 
different initial pressure. 
Initial 
pressure 
[bar] 
Onset 
pressure 
[bar] 
Onset 
temperature 
[°C] 
A/V [1/m] 
Calculated A 
[m
2
] 
20 20 86 2.04E-02 1.02E-07 
30 31.4 81 1.24E-02 6.18E-08 
40 41.7 84 7.36E-03 3.68E-08 
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 Figure 6.10: Experimental profiles of the tests used for the vent sizing. 
The experimental vent area is 7.91E-06m2, so the calculations 
underestimates the area necessary to protect from the consequences of 
the runaway decomposition. Implementing the data obtained from a test 
carried on in the Phi Tec II regarding the decomposition of 50g of HP [1], 
the calculated area was 7.16E-04 m2 and the experimental venting area 
was 3.167e-05m2. This data in congruent with other examples present in 
literature for HP in similar conditions [7, 8]. In the case of adiabatic data the 
calculation overestimates the necessary vent area, which is at least more 
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conservative. This means that effectively the adiabaticity of the instrument 
is very important  for the correct sizing of the necessary vent area. The 
screening data obtainable by a pseudo-adiabatic instrument such as the 
TSu are not accurate enough for this purpose. 
6.4 CONCLUSIONS 
This Chapter is focused on the runaway decomposition of hydrogen 
peroxide because their interest in process safety and risk analysis research 
fields, because in the past they have been the cause of many severe 
accidents; the aim of the study was to find the characteristics parameters of 
the reactions in order to define a method to prevent thermal explosion and 
to avoid the loss of control of the system. 
Screening calorimetry allowed us to analyze these processes in safety and 
to gain useful results such as onset temperatures, ranges of temperature 
and pressure evolved by reactions and also the conversion of the 
decompositions. Screening techniques are an efficient instrument for 
hazard assessment in highly reactive systems and they represent a first 
step in risk analysis studies and process scale up; the data collected with 
the additional expansion vessel represent an important support in sizing of 
venting system in storage that involves the use of hydrogen peroxide. 
An Early Warning Detection System has been applied off-line to the 
experimental data: this method requires only temperature or pressure 
measurements to detect the onset of a runaway reaction in the system. 
Because of this, it can be easily applied on line, after an appropriate 
calibration, to industrial reactors and large storage vessels. The warning of 
anomalous behaviour would allow the operator to adopt some corrective 
measures, such as quenching, blowing down or inhibiting the reacting 
mass. The results show that EWDS works better with temperature 
compared to pressure data. The experimental data obtained for the 
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hydrogen peroxide decomposition show that the pressure has always to be 
monitored carefully because, under certain operating conditions, some 
substances are liable to decompose completely isothermally. The 
experimental results confirm the reliability of the EWDS also in operating 
conditions close to a real runaway reaction. The main advantages in the 
use of an EWDS based on the Strozzi and Zaldívar criterion is its 
operability on line using direct measurement of temperature and pressure 
in the vessel. Respect to the use of Hub and Jones criterion the Strozzi and 
Zaldívar one presents a significant advantage of lower  noise in the signal 
and a robustness with respect to false alarms. 
The last part of the work was aimed at the analysis of the feasibility of vent 
sizing from screening data according to the methods existing in literature. 
The results were that the data obtained by the pseudo-adiabatic screening 
instrument we used in our laboratory made the calculated vent area to be 
underestimate with respect to the experimental vent area. When 
implementing the calculation on the basis of data resulting from adiabatic 
tests the results are improved. This means that screening calorimetry is not 
efficient for this purpose but it is still simple and low cost technique that 
makes possible, after preliminary screening, to reduce the number of more 
expensive experiments in adiabatic calorimeters and to have a first step in 
risk analysis studies as key in scaling up of processes. 
NOTE 
Some of the results shown in this Chapter will be published in the paper 
titled: 
Casson V., Battaglia E., Maschio G. (2012). Hydrogen Peroxide 
Decomposition Analysis by Screening Calorimetry Technique, CHEMICAL 
ENGINEERING TRANSACTIONS, CISAP5, 5th International Conference 
on Safety & Environment in Process Industry. vol. 26 (in press). 
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SYMBOLS 
LIMV  phase-space volume threshold value, [-] 
)(tV  variation of phase-space volume with time, [-] 
    
     moles of oxygen decomposed, [mol] 
   
               stoichiometric moles of oxygen, [mol] 
EWDS Early Warning Detection System 
HP Hydrogen Peroxide 
PFIN final pressure, [bar]  
PIN initial pressure, [bar]  
PMAX maximum pressure, [bar] 
TMAX maximum temperature, [°C] 
Tonset temperature (or decomposition temperature), [°C] 
TSET set temperature for the test, [°C] 
X conversion, [-] 
ΔH0 standard enthalpy of formation, [J/mol]  
ΔS0 standard entropy of formation, [J/mol·K] 
A vent area, [m
2
] 
V reactant volume, [m
3
] 
ρ reactant density, [kg/m
3
] 
c liquid specific heat, [J/kg·K] 
dT/dt self-heat rate, [K/s] 
λ latent heat, [J/kg] 
Ps relief set pressure, [Pa] 
v test free volume, [m
3
] 
dP/dt rate of pressure rise, [Pa/s] 
mt test sample mass, [kg] 
R gas constant, [Pa·m
3
/K·kmol] 
Ts relieving temperature corresponding to Ps, [K] 
Mw,v vapor molecular weight, (kg/kmol] 
Mw,g gas molecular weight, [kg/kmol] 
CD discharge coefficient (CD = 1 for an “ideal” nozzle). 
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CONCLUSIONS AND PERSPECTIVES 
 
The main objective of this thesis was the experimental study of runaway 
reactions and the evaluation of the mitigation of the risk associated with 
them in terms of frequency and magnitude by actuating preventive and 
protective measures to the system. The experimental approach was based 
on the integration of calorimetry, a well consolidated technique in process 
safety assessment, with other techniques in order to overcome possible 
limitations and to obtain additional information about the process 
conditions. The application of reactor stability criteria to the experimental 
data, in order to test their effectiveness and the possibility of 
implementation in an Early Warning  Detection System, was the central 
thread. 
The three types of processes on which this work has been focused are very 
different between them. The catalysed esterification of acetic anhydride and 
methanol is a reaction that can undergo mild runaway in certain conditions 
of jacket temperature and catalyst quantity. This is a relatively safe reaction 
for studying thermal runaway in the laboratory and pilot scale plant and, 
because of the modest reaction enthalpy and low activation energy, this 
esterification provided a severe test of the runaway criteria.  
Polymerisation reactions are statistically one of the most affected by 
thermal explosions and with more severe consequences; for example the 
runaway reaction of methyl methacrylate here studied may be considered 
as the worse case of runaway reaction and whose result is a more powerful 
explosion than that from a saturated hydrocarbon compound.  
In the last years, also peroxides has been responsible for many severe 
industrial incidents and in particular hydrogen peroxide has been involved 
in the 70% of the cases. The runaway decomposition of this peroxide is 
very violent in terms of temperature and pressure increase and their rates; 
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the pseudo-adiabatic instrument used to study this reaction allowed us to 
test the Early Warning Detection System in conditions very close to that of 
a real case of industrial incident.  
More in detail, the most relevant results of each part of the study has been 
summarized below. 
For what concerns the analysis of the reactor stability criteria existing in 
literature that can be used to early detect the runaway reactions, the main 
results for the application to the catalysed esterification of acetic anhydride 
and methanol have been: 
- Geometry base criteria: the Semenov criterion performs relatively 
poorly, in part because it does not take into account reactant consumption. 
The Berkelew and van Welsenaere and Froment criteria appear to give a 
substantial improvement over the Semenov criterion. More in detail the van 
Welsenaere and Froment criterion works better when expressed in its 
original formulation. The Alder and Enig criterion does not predict runaway 
for this reaction: it does not work for low values of the heat of reaction. 
A limitation of the use of geometric criteria is that they can be applied only 
to reacting systems where a temperature profile exists. In additions these 
criteria do not give any measure of the extent or the intensity of runaway.   
- The sensitivity-based criteria allow us to overcome these limitations 
and additional advantage of the sensitivity-based criteria is the possibility of 
their use on-line. The Hub and Jones and Bowes and Thomas criteria 
account reasonably well for the thermal runaway in the considered reaction. 
The Strozzi and Zaldívar also performs reasonably well; a further 
advantage of this criterion is that it is possible to detect the runaway from 
temperature measurements without the necessity to have a model of the 
process. Hence, all the results and conclusions obtained from an off-line 
analysis may be extended and applied on-line to develop a general early 
warning detection device, based on a robust criterion. The Morbidelli and 
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Varma parametric sensitivity criterion showed good agreement between the 
application to the experimental and to the model data, as the critical jacket 
temperature result was nearly the same.  
Finally the greater advantage is in the use of sensitivity based criteria 
because they are suitable to on-line implementation and can be the basis 
for Early Warning Detection Systems which are effective in large scale 
process vessels as a preventive measure against runaway reactions.  
A work in progress in this field is the analysis of the same reacting system 
by coupling an isoperibolic calorimeter to an UV-Vis spectroscopy 
immersion probe in order to study the feasibility of the application of an 
Early Warning Detection System to a spectrophotometric signal, which 
would be an innovative aspect. The characteristic UV-Vis spectra of the 
reagents and products of the esterification of acetic anhydride and 
methanol give us the possibility of testing the EWDS based on divergence 
criterion to the spectrophotometric data. Up to now the result has not been 
positive when applied to Absorbance signal: the onset was not detected 
and the analysis was not reliable and subject to false alarms. On the other 
hand, the application to the Intensity signal seems to give some interesting 
results: the onset of the runaway was detected ~ 1 minute before the 
maximum of temperature is developed, so with a comparable advance with 
respect to the application to temperature signal. Because of its innovation, 
this part of the work needs to be experimentally deepen; anyway this 
monitoring could be used at the same time than temperature monitoring, in 
order to improve the efficiency of the system in detecting  runaway reaction 
decreasing the possibilities of false alarms, for example in a large scale 
vessel, in which the jacket temperature is often subjected to oscillations, 
and so this type of monitoring could be implemented to avoid false alarms 
of an EWDS based just on temperature measurements. The method could 
be also very useful if applied to those processes in which the accumulation 
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of a reaction intermediate, that develops no temperature increase in the 
system, could lead to thermal explosion by starting a secondary reaction: in 
this case the EWDS working on Intensity signal could detected the runaway 
at a very early study, when the temperature in the system could still be kept 
under control by some protective measure activated after the alarm. Further 
experimental investigation will be carried on in this direction. 
The investigation of the incident involving the runaway self-polymerisation 
of divinyl benzene during its transportation allowed us to define the 
influence of storage conditions on safety. In particular the effect of 
temperature and oxygen quantity have been investigated and the following 
conclusions have been drew: 
- The quantity of dissolved oxygen is fundamental for the stability of 
the monomer. The inhibiting effect of the oxygen on the auto polymerisation 
reaction is evident by comparing the results with another adiabatic test 
carried out in a nitrogen atmosphere. When the air in the head space is 
replaced by nitrogen the inhibiting effect of the standard inhibitor is 
replaced by a retarding effect. 
- In isothermal conditions the conversion of monomer to polymer 
varies approximately linearly with the reaction time and that the induction 
period varies logarithmically with the reaction time.  
- At room temperature the final degree of polymerisation of DVB is 
likely to be in the range of 0.15-0.20. This calculation is important in to 
estimate the quantity of free monomer that could be loss in the atmosphere 
as a consequence of a runaway reaction. 
- As the polymerisation proceeds the viscosity of the reacting system 
increases and this in some way must reduce the rate of initiation to such an 
extent that polymerisation effectively ceases. 
The hypothesis of the incident have been validated and it is possible to 
state that an overfilling of the tank made the quantity of oxygen not 
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adequate for the inhibitor to act. The role of water has not to be taken into 
consideration for a large scale vessel: rain water entry is not a realistic 
scenario to wash the inhibitor from the monomer.  
The investigation of the incident happened at a resins manufacturing site 
allowed us to study in detail the polymerisation of methyl methacrylate 
added with accelerators when no catalyst is present in the system and the 
most significant findings were: 
- All accelerators tested produced significant increases in the initial rate 
of polymerization and this effect increases the likelihood of runaway 
reaction in large process vessels, where the rate of heat transfer per unit 
volume is with relatively low, such as the one of the incident. Calorimetric 
analysis suggested that the accelerator also increases extent of 
polymerization of the formulation that was being prepared by the company 
at the time of the incident. These effects would substantially reduce the 
minimum process temperature which can lead to a runaway polymerization. 
The reduction in thermal stability is associated with the addition of 
accelerators.  
- The preliminary adiabatic calorimetry has shown that the 
intermediate and final product associated with the incident are less stable 
than industrial MMA.  
- The chemical mechanism responsible for the increased initial rates 
polymerisation caused by the addition of accelerators has not been 
established in the present investigation. However, catalysis of the 
decomposition of MMA peroxides by the accelerators offers the most likely 
explanation for the increases in initial rate. 
- The final conversion of the isothermal DSC test is nearly complete, 
instead for scanning tests and adiabatic tests the maximum conversion 
reached was 60%. In the DSC scanning tests and adiabatic test the 
temperature reached was always above the ceiling temperature for the 
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monomer and this could also be an explanation for the lowest final 
conversion as, after ceiling temperature, the polymer tend to revert to 
monomer. This is important to estimate the quantity of free monomer in the 
system at the time of the incident (~1100 kg). The isothermal and adiabatic 
data support the conclusion that the explosion at the factory was due to the 
ignition of large volume a fuel-air mixture formed from the discharge of 
flammable vapour from the mixing vessel when the contents became 
overheated due a runaway exothermic reaction.  
- The isothermal tests showed the typical shape of a polymerisation 
affected by gel effect. The diffusion controlled step was smoothed in 
presence of accelerators but, on the other hand, the rate of the kinetic 
controlled step was increased when accelerators were added to the 
monomer and also the total heat output.  
- The presence of the accelerators made the induction time, due to the 
presence of the inhibitor, to decrease. 
- The adiabatic data show substantial reductions in onset temperature 
associated with the addition of accelerators and this effect along with 
observation increased self-heat rates is likely to lead substantial reduction 
in the safe process temperature.  
- The adiabatic tests confirms the presence of the ceiling temperature 
also in thermal polymerization of MMA in presence of accelerators. 
- The free volume based model implemented was able to describe quite 
accurately our experimental data. 
- The simulations allowed us to define in which conditions the system 
can undergo a runaway reaction: in particular a failure of the cooling 
system is the most likely cause. 
Both learning from accident case-studies have been useful to draw a 
conclusion that can be extended to polymerisation process safety issues: 
particular attention has to paid not only during desired reactions but also in 
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storaging and blending steps.  
The last part of the thesis was aimed at the analysis of the decomposition 
of hydrogen peroxide and its effects in different operating conditions of 
temperature and pressure, particularly when a runaway reaction can occur 
and may be the cause of incidents. The application of the EWDS and the 
sizing of a vent area have also been treated as preventive and protective 
measures in case of runway reaction. The main conclusions of this study 
have been: 
- Screening calorimetry allowed us to analyze these processes in safety 
and to gain useful results such as onset temperatures, ranges of 
temperature and pressure evolved by reactions and also the conversion. 
This technique is an efficient instrument for hazard assessment in highly 
reactive systems. 
- The results show that EWDS works better with temperature compared 
to pressure data. The experimental data obtained for the hydrogen 
peroxide decomposition show that the pressure has always to be monitored 
carefully because, under certain operating conditions, some substances are 
liable to decompose completely isothermally. The experimental results 
confirm the reliability of the EWDS also in operating conditions close to a 
real runaway reaction.  
- The analysis of the feasibility of vent sizing from screening data 
according to the methods existing in literature. The results were that the 
data obtained by the pseudo-adiabatic screening instrument we used in our 
laboratory made the calculated vent area to be underestimate with respect 
to the experimental vent area. When implementing the calculation on the 
basis of data resulting from adiabatic tests the results are improved. This 
means that screening calorimetry is not efficient for this purpose but it is still 
simple and low cost technique that makes possible to reduce the number of 
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experiments in adiabatic calorimeters and to have a first step in risk 
analysis studies as key in scaling up of processes. 
In conclusion this work dealt with the currently relevant problem of runaway 
reactions and their different aspects, including possible preventive and 
protective measure by an experimental integrated approach, trying to find 
solutions that can be concretely implemented in industrial scale reactors to 
improve process safety of highly reactive systems.  
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ANNEX I: Abstract of the paper titled “Comparison of criteria for 
prediction of runaway reactions in the sulphuric acid catalyzed 
esterification of acetic anhydride and methanol” 
Some of the results shown in Chapter Three have been published in the 
paper titled: 
 
Casson V., Lister D. G., Milazzo M. F., Maschio G. (2011), Comparison of 
criteria for prediction of runaway reactions in the sulphuric acid catalyzed 
esterification of acetic anhydride and methanol, Journal of Loss Prevention 
in the Process Industries, Volume 25, Issue 1, Pages 209–217. 
ISSN: 1873-3352, doi:10.1016/j.jlp.2011.09.002 
Abstract  
Loss of temperature control is one of the major reasons that can lead to 
runaway reaction. This occurrence is commonly named thermal runway. 
The aim of this paper is the application of thermal runaway criteria in order 
to predict the onset of runaway phenomena and define the range of stability 
related to operating conditions in the reactor, with specific reference to the 
esterification of acetic anhydride and methanol catalysed by sulphuric acid 
tested in isoperibolic conditions. The isoperibolic calorimeter has 
also been used to obtain thermodynamic, kinetic and physical chemistry 
data necessary to develop a model for the reaction. Some runaway criteria 
applied in this work require a model for the process, so a model for the 
analyzed system been developed. Because of the modest reaction 
enthalpy and low activation energy this reacting system provide a severe 
test to the runaway criteria. In this work, various runaway criteria have been 
applied to the experimental and simulated data and the results obtained 
have been compared. 
Keywords: Thermal runaway, Reaction calorimetry, Acid catalysed 
esterification, Reactor stability criteria 
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ANNEX II: Abstract of the paper titled “Risk analysis in transport and 
storage of monomers: an accident investigation” 
Some of the results shown in Chapter Four have been published in the 
paper titled: 
Casson V., Maschio G. (2011), Risk Analysis in Transport and Storage of 
Monomers: An Accident Investigation, Macromolecular Symposia, vol. 302, 
p. 273-279.  
ISSN: 1022-1360, doi: 10.1002/MASY.201000068 
Abstract  
In this work the analysis of an accident in transport of dangerous goods is 
proposed. 
The objective of this study is to contribute to the determination of the 
causes that brought about the self-polymerization of commercial 
divinylbenzene (DVB 63%) contained in an iso-container, in order to 
prevent this accident to happen in the future.  
Time and conditions during transport and storage of monomers (in 
particular the storage temperature) are very important factors, that affect 
the self-polymerization aptitude of these substances. To stabilize this 
monomer, usually 4-tert-Butylcatechol (TBC) is added at a level of 900-
1200 ppm by weight to act as an inhibitor to prevent the self-initiated 
autopolymerization of the material. 
In particular one hypothesis has been investigated: probably the quantity of 
oxygen in the tanker was insufficient to activate properly the inhibition 
mechanism of TBC. From this consideration the self-polymerization of DVB 
and the inhibition mechanism of TBC have been studied as a function of 
temperature and  monomer exposure to air. Different calorimetric 
techniques have been applied, in particular Differential Scanning 
Calorimetry and Adiabatic Calorimetry, to investigate the causes of the 
accident.  
 
Keywords: runaway; mitigation system; inhibitors; adiabatic calorimetry; 
differential scanning calorimetry; storage and transport safety. 
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